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FOIiEWORD 

This analyt ical ,  three-axis t h rus t  vector,  cross-coupled, e r r o r  study 
demonstrates t h e  f e a s i b i l i t y  of using advanced a t t i t u d e  cont ro l  techniques. The 
study i s  directed toward t h e  ultimate goal of optimizing mass expulsion a t t i t u d e  
cont ro l  systems fo r  space vehicles. This contract  was performed within the 
Advanced Product Development Department of the Power Systems Division o f  The 
Marquardt Corporation. 
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The purpose of t h i s  study was t o  introduce and evaluate a t t i t u d e  con- 
t r o l  techniques which may be more e f f i c i en t  i n  terms of propellant consumption and 
rocket engine duty cycle than o the r  methods used t o  date. 
t h e  "Advanced L i m i t  Cycle Control Techniques" i s  based on a three-axis th rus t ing  
cross-coupled, e r ro r  d i g i t a l  computer program. 

The method of eva lua t iw  

Much e f f o r t  was spent on formulating usable and meaningful c r i t e r i a  
f o r  performance evaluation of three-axis cont ro l  systems i n  terms of component 
e r rors .  To t h i s  end, a method which uses  t h e  system er rors  as  inputs and has a s  
outputs the  propellant consumption and number of engine f i r i n g s  was selected.  The 
method of treatment ( e i t h e r  analyt ical  or by computer program) f o r  any of t he  con- 
t r o l  techniques under consideration i s  r e l a t i v e l y  straightforward. 
becomes considerably more d i f f i c u l t  when t h e  three-axis t h r u s t  vector e r r o r  cross- 
coupling e f f ec t s  a r e  taken in to  consideration and a va l id  comparison between con- 
t r o l  techniques i s  des i r ed .  

The program 

Tk f e a s i b i l i t y  of the advanced control  techniques was demonstrated 
by invest igat ing the e f f ec t s  of errors f o r  t h e  spec i f ic  conditions of i n t e re s t .  
The e r r o r  sources considered i n  t h i s  study include: 

1. Impulse magnitude errors  (Normally d is t r ibu ted)  

2. Impulse magnitude e r ror  var ia t ions  with pulse width 

3 .  Thrust vector angular error  (Normally d is t r ibu ted)  

4. Hardware in s t a l l a t ion  angular e r ro r s  

5.  Specif ic  impulse var ia t ion with pulse width 

6. Sensor e r ro r s  

7. Timing e r r o r s  

Since the  t h r u s t  e r rors  a r e  not l i m i t e d  t o  t h e  plane i n  which t h e  
t h r u s t  i s  commanded, cont ro l  interact ion r e su l t s .  The general behavior of an a t -  
t i t u d e  cont ro l  system i s  not only dependent on e r r o r  values but a l so  upon t h e  
nature  of e r r o r  d i s t r ibu t ions .  
therefore  conducted t o  es tab l i sh  the e r r o r  values and d is t r ibu t ions .  Various 
t h r u s t  l eve ls  and pulse widths were analyzed. 
vehicle  and engine configurations of i n t e re s t .  These er rors ,  along with t h e i r  
causes and effects ,  a re  a pr inc ipa l  f ac to r  i n  the  invest igat ion.  

A s t a t i s t i c a l  survey of avai lable  t e s t  data was 

Specif ic  e r ro r s  were applied t o  the  

UNCLASS W E D  - 1 -  
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Three engine and vehicle configurations were analyzed with three d i f -  
f e r e n t  angular acceleration values f o r  each. 
t iga ted  f o r  each of these angular acceleration values. Two simple l i m i t  cycle 
techniques (open loop) and three advanced l i m i t  cycle techniques (damped) were 
investigated.  The two simple l i m i t  cycle rnethods w e r e  t h e  box and t h e  diamond 
e r r o r  matrix with r a t e  switching option. The three advanced l i m i t  cycle tech- 
niques a re  bes t  defined by t h e  extent and qua l i ty  of t he  sensing information 
which was assumed. The nonl inear i t ies  of these control  systems are  a l so  incor- 
porated i n  t h e  analysis.  Equations for each axis  of each configuration of inter- 
e s t  w e r e  developed t o  provide convenient evaluation of e r r o r  r a t e s  i n  terms of t h e  
individual  system er rors .  
e r r o r  cross-coupling e f f ec t s  i n  terms o f  resu l t ing  angular e r r o r  r a t e s .  

Five control  techniques were inves- 

These equations present the  three-axis t h r u s t  vector 

The damped control  techniques presented herein can d i r e c t l y  damp out 
any disturbance r a t e  i n  the  minimum t i m e  and with t h e  minimum propellant without 
exceeding the  vehicle accuracy band. This eliminates the need f o r  any separate 
acquis i t ion phase. 

This study shows t h a t  the degree t o  which the  mass expulsion system 
compares with a l te rna te  techniques depends not only on the  performance of t h e  
torque producing element but  t o  an even greater  extent  on the  integrat ion o f  th is  
torque producing element i n  an overa l l  cont ro l  system. Parametric trends were es- 
tablished f o r  the  important parameters of t h e  program. This study program provides 
the necessary ana ly t i ca l  evaluation o f  t he  advanced cont ro l  techniques. The re- 
s u l t s  have furnished a va l id  evaluation of t he  "Advanced L i m i t  Cycle Control Tech- 
niques". The necessity f o r  developing thPse cont ro l  methods was established as  a 
r e s u l t  of t he  s izable  propellant savings and reduction of t h e  engine f i r i n g s  with 
the  Advanced L i m i t  Cycle Techniques. 

11. INTRODUCTION 

The problem of space vehicle a t t i t u d e  cont ro l  has received much a t t e n  
The evolution of a t t i t u d e  cont ro l  systems, t o  date, t i on  over t he  past  f e w  years. 

has followed a course which has l e d  t o  t he  nonoptimal desigri of mass expulsion 
cont ro l  systems. The current systems leave much t o  be desired i n  terms of system 
weight, con%rol c i rcu i t ry ,  energy u t i l i za t ion ,  and actuator  duty cycle. This has 
not caused much concern i n  present systems, but as t h e  mission durations a re  in -  
creased and the mission requirements become more demanding, the problem of obtain- 
ing e f f i c i e n t ,  ve r sa t i l e ,  and economical a t t i t u d e  cont ro l  systems becomes one of 
paramount importance. 

The requirements imposed on three-axis a t t i t u d e  control  systems a r e  i i  
general twofold. An extended quiescent period must be obtained i n  order t o  con- 
serve the  t o t a l  energy consumed, since any mass or energy expended must be t rea ted  

UNCLPSSIFIE D - 2 -  
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as  a d i r e c t  burden on t h e  payload or mission duration. 
e l l i t e  o r  spacecraft a t t i t u d e  control  problem requires a system with more f l e x i -  
b i l i t y  than one which simply has the  a b i l i t y  t o  follow the  a t t i t u d e  reference 
changes. I n  par t icu lar ,  t he  torque producing elements of t h e  cont ro l  system must 
a l so  be capable of providing the  high torque requirements needed t o  cont ro l  s tage 
separation t rans ien ts ,  i n t e rna l  movements, maneuvering sequences, and t h e  th rus t  
vector e r ro r s  of prime propulsion units.  
ments usually lead t o  the  design of control systems with two or more modes of op- 
eration; f o r  example, high and low thrus t  react ion jets or a combination of method: 
such a s  react ion jets with react ion wheel devices. Systems which couple the mass 
expulsion system with other modes of control  of ten become unduly complex and re- 
dundant. This i s  t rue,  i n  many cases, since the mass expulsion system with the 
proper cont ro l  c i r c u i t r y  i s  capable of handling t h e  high torque functions while 
a l so  providing a maximum quiescent period. For the  sake of s implici ty  i n  logic  
c i r cu i t ry ,  system weight, and r e l i a b i l i t y  of the  cont ro l  system, it seems desirable 
t o  use only one act ive control  mode f o r  an e n t i r e  mission, i f  possible.  

However, the general  s a t -  

These varied and conf l ic t ing  require- 

Although mass expulsion systems with control lable  impulse outputs are  
avai lable ,  none of these uni t s  possess a proportional or l i n e a r  t r ans fe r  charac- 
t e r i s t ic  between impulse output and impulse command. The s igni f icant  nonl inear i ty  
occurs near zero s igna l  and unless compensated f o r  (present system), makes precise  
a t t i t u d e  control  impossible and/or causes excessive propellant consumption during 
l i m i t  cycle operation. However, the mass expulsion sys tem are  desirable  since the3 
a re  capable of producing much higher, rapid response torque levels  than o ther  sys- 
tems. The mass expulsion systems have, therefore,  been used t o  provide t h e  coarse 
cont ro l  and momentum dumping function of a t t i t u d e  control.  
could be provided through control  %echniques, t h i s  same hardware might be used t o  
provide maximum quiescent periods. This problem i s  resolved by designing the  con- 
t r o l  system t o  make use of t he  modulation possible with the  mass expulsion systems 
to achieve nonlinear damping. 

However, if damping 

Much e f f o r t  has been expended i n  obtaining methDds of converging tc, 
t h e  minimum impulse l i m l t  cycle. !?he "advanced l i m i t  cycle techniques" discussed 
herein i l l u s t r a t e  t h e  f a c t  t h a t  the minimum impulse l i m i t  cycle i s  nct  t he  l i m i t -  
ing design point f o r  mass expulsion systems. By incorporating the  mass expulsion 
system e r ro r s  and nonl inear i t ies  into the  cont ro l  system synthesis,  the minimum 
impulse l i m i t  cycle can be danped with the same hardware used fo r  the acquis i t ion  
phase. 

The primary in ten t ion  of t h i s  study was t o  invest igate  t h e  f e a s i b i l i t :  
of severa l  proposed concepts. A great deal  of thought. has been devoted t o  the  gen. 
e r a 1  realm of  t he  control  philosophies mentioned above. 
have been of a qua l i ta t ive  nature, leaving the  area of quant i ta t ive analysis  r e l a -  
t i v e l y  undisturbed. One of the  objectives of t h i s  study was t o  e s t ab l i sh  a firm 
foundation f o r  an analysis  of t h i s  type. 

P rac t i ca l ly  a l l  of  these 

UNCLASS I F I ED - 3 -  
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Except i n  a very broad sense, l i t t l e  has been established i n  the  
nature of design c r i t e r i a  and development goals f o r  the individual components 
of a system such a s  i s  under consideration here. 
t h i s  study t o  provide some usable information r e l a t i v e  t o  t h i s  area. Before the  
design of control  logic or  t h e  adoption of one control  technique can be achieved, 
an important e f f ec t  had t o  be considered. Thrust vector e r rors  i n  one ax is  can 
give r ise t o  accelerations i n  o ther  axes. These errors could produce e r r o r  rates 
which a r e  of the same magnitude as  the s t ra ight  l i m i t  cycle dr iving r a t e .  Should 
th i s  be t h e  case, there would be no ju s t i f i ca t ion  f o r  pursuing the advanced con- 
t r o l  techniques. 

It i s  one of the purposes of  

E 
E ir 

The "advanced l i m i t  cycle control  techniques" which reduce the ve- 
h i c l e  angular veloci ty  and posi t ion t o  zero ( o r  other  referenced posi t ion) ,  
thereby minimizing the f u e l  consumption, are log ica l  i n  nature, include a l l  sys- 
tem e r ro r s  and nonl inear i t ies ,  and are  inherently simple t o  mechanize. 
advantages r e su l t i ng  from t a i lo r ing  the cont ro l le r  t o  the react ion j e t  charac - 
terist ics a re  

Other 

1. Control c i r c u i t  s implici ty  (Extensive acquis i t ion 
phase eliminated) 

2 .  Reduction of systemweight and engine duty cycle 

3 .  Direct veloci ty  information not required 

4. Increase i n  r e l i a b i l i t y  

5.  Minimum impulse l i m i t  cycle not the  l imi t ing  design 
point f o r  mass expulsion systems. 

The advanced control  techniques a re  examined herein and f irst  order 
answers as  t o  t h e i r  values have been obtained. The r e s u l t s  CrF t h i s  study w i l l  
give d i rec t ion  t o  wre sophisticated methods of analysis i n  t h e  future .  
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111. SCOPE OF STUDY 

The vehicle and cont ro l  systems under consideration w i l l  be l i m i t e d  
t o  those having the  following charac te r i s t ics :  

1. 

2. 

3 .  

4. 

5. 

6.  

7. 

a. 

The configurations o f  in terest  are i l l u s t r a t e d  i n  Figure 1. 

A l l  engines of a given configuration a r e  of the  same th rus t  
level .  
comprises a fixed thrust ,  pulse modulated engine i n  which 
the  pulse modulation'takes the  form of pulse width modula- 
t i o n  alone. 

The mass expulsion system which was investigated 

The vehicle polar moments of i n e r t i a  of the  p i tch  and yaw 
axes are  equal. 

The vehic le  polar mments of i n e r t i a  a re  constant. 

Angular accelerations about the  p i t ch  and yaw axes which 
a re  caused by the  nominal t h rus t  l eve l  a r e  defined as  uni ty  
i n  any convenient dimension. Angular accelerat ion about 
the roll axis  due t o  t he  same nominal t h rus t  level is  
greater  than uni ty  by a f ac to r  of between one and one 
hundred. 

The vehicle angular ve loc i ty  i s  su f f i c i en t ly  small so t h a t  
Eulerian r ig id  body mechanics may be neglected. 

Disturbance torques are  neglected. 

For the  parametric study, angular e r rors  a re  taken t o  be 
no greater  than 2 degrees, t h rus t  var ia t ions no greater  
than 5% of nominal, and a steady s t a t e  impulse e r ro r  of 
not more than 1 6  of the  command impulse. 

A program was evolved which encompassed a l l  f i v e  of the  following 
cont ro l  techniques : 

1. Simple box l i m i t  cycle (Fixed impulse delivered when posi t ion 
band on each axis  i s  reached.)  

2. Advanced l i m i t  cycle with ve loc i ty  information (Accurate posi-  
t i o n  sensing) 

3 .  Advanced l i m i t  cycle with ve loc i ty  calculat ions (Moderate 
pos i t  ion sensing ) 

4. Advanced l i m i t  cycle with r a t e  cutoff (Extremely accurate 
r a t e  and pos i t ion  sensing) 

CLASS I I- I t D  - 5 -  
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5 .  Simple diamond e r ro r  l i m i t  cycle with rate switching 
option (Fixed impulse delivered when coupled ax is  e r ro r  
s igna l  d i c t a t e s )  

Actuators m 

The simple l i m i t  cycle techniques a r e  open loop cont ro l  systems where- 
as  the  advanced l i m i t  cycle techniques a re  closed loop i n  nature and do possess 
damping. 

4 

I n  order t o  compare the  cont ro l  techniques,a selected engine and 
vehicle configuration w i l l  be used. This configuration and a selected cont ro l  
technique w i l l  be examined i n  terms of propellant expended and number of engine 
f i r i n g s  over an extended period of simulated space operation neglecting disturbance 
torques. Another control  technique and/or vehicle  configuration w i l l  then be sub- 
s t i t u t e d  and the  procedure w i l l  be repeated. I n  order t o  e f f ec t ive ly  analyze t h e  
cont ro l  philosophies, the  same i n i t i a l  conditions, vehicle  design parameters, de-  
sign t h r u s t  levels ,  accuracy band, e tc .  will be used i n  each corresponding con t ro l  
technique comparison. 

- 

Iv. DESCRIFTIONS O F  CONTIEOL TECHNIQUES 

The cont ro l  systems under consideration possess the  general  block 
diagram cha rac t e r i s t i c s  shown i n  t h e  following sketch: 

I 
I 

L - - -  

The cont ro l le r  cha rac t e r i s t i c s  f o r  each of the  con t ro l  techniques under consider- 
a t ion  a r e  presented i n  the  following discussion. 

A. Simple Box L i m i t  Cycle 

The most straightforward cont ro l  mode u t i l i z i n g  t h i s  cont ro l  system 
i s  t o  apply f u l l  control  torque once the  d e s i r e d  accuracy band has been reached. 
An on-off, s ing le  pulse cont ro l  mode i s  used. Since na tu ra l  damping forces  do 
not accompany space missions, a typ ica l  no-error, no disturbance torque, vehicle  
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operation sequence is shown by the  posit ion and phase plane p lo t s  of Figures 2 and 
3 .  
value which does not exceed t h a t  which can be reversed by the  appl icat ion of a 
minimum impulse b i t .  
pos i t ion  i s  expected t o  continually o s c i l l a t e  across the  deadband. 

No attempt i s  made t o  a r r e s t  the  angular ve loc i ty  but merely t o  l i m i t  it t o  a 

Therefore, even under idea l  conditions, t h e  vehicle angular 

I n  order t o  determine the theore t ica l ,  no-error, mean propellant re- 
quirements f o r  t h i s  control  technique, some insight  must be obtained regarding 
the average pulsing frequency. This is required since the i n i t i a l  r a t e  and d i s -  
turbance torques a re  a rb i t r a ry  i n  character. 
w i l l  be a s s a d  and the  system dead t i m e s ,  time delays, and pulse widths w i l l  be 
considered negligible compared t o  the period of o sc i l l a t ion .  

Constant vehicle moments of  i n e r t f a  

If the  on-time of the reaction j e t  i s  small i n  comparison with the 
period, the  average off-time of the system per period i s  

Where t h e  symbols a r e  defined i n  F i w e  3 .  

The frequency (f,) i s  by def in i t ion  

Where 

Since 0s i s  one-half of the t o t a l  deadband angle and neo i s  deter-  
mined by the  minimum impulse, t he  frequency i s  a funct ion of the random variable  
(esl) a s  shown i n  Figure 4.  
determined as  follows : 

The s t a t i s t i c a l  mean of the  frequency can thus be 

UNCLASS l I -1  tD - 7 -  
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Assuming the  probabi l i ty  density function of 6 t o  be uniformly d i s  
t r ibu ted  between 0 and A Go, S1 

The probabi l i ty  densi ty  function of  the frequency is  defined a s  

Therefore 

( 6 )  

The s t a t i s t i c a l  mean of fs is  

Since Equation (7) describes the  frequency of o s c i l l a t i o n  of t h e  vehicle,  t h e  
pulsing frequency i s  twice t h i s  value, o r  

Aio f,' = 2 f s  = - 
6 . Q ~  
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The mean propellant consumption i s  the propellant-used-per-pulse multiplied by t h e  
average pulsing frequency. Thus, 

- - 32 f6' 
& P  2 

Making the  proper subst i tut ions,  

&io2 I 

Subs t i tu t ing  f o r  Aio, the  mean propellant consumption per axis  is  

f o r  four  engines (coupled configuration) 

o r  

f o r  two engines (uncoupled configuration) 

B. Advanced Limi t  Cycle with V e - x  

( 9 )  

-3' Inf  orma - ion 

It has been shown t h a t  the simple l i m i t  cycle method does not include 
damping. 
can be achieved. 
volves defining the mans of adding damping t o  the  system. 
improvement i s  t o  reduce t h e  t o t a l  system mass and t o  improve the  rocket engine 
duty cycle. The t o t a l  system mass includes fixed and expendable components. The 
fixed mass includes the  hardware items and the  expendable mass i s  t h e  propel lant .  

Adding damping t o  t h e  system i s  one method by which system improvement 

The method of system 
The problem of improving the  s t r a i g h t  l i m i t  cycle performance in -  

UNCLASS I FI ED - 9 -  
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Mass expenditure i s  the  c r i t i c a l  component f o r  long term missions and t h e  c r i t e r i o n  
f o r  reducing the t o t a l  system mass w i l l  be t h e  minimization of t he  propellant con- 
sumption. The c r i t e r i o n  used t o  improve the rocket engine duty cycle requires  the  
minimization of t h e  number of rocket engine f i r i n g s  and duration of each f i r ing .  

The optimization c r i t e r i a  f o r  cont ro l le r  des ign  w i l l  therefore  be t h e  
minimization of t h e  number of pulses and the  reduction of propellant consumption. 
The approach employed i n  t h i s  technique involves t h e  appl icat ion of two pulses i n  
the correct ion of any angular deviation. Two pulses a r e  a minimum, since one pulse 
can e f f ec t ive ly  n u l l  only the  r a t e  whereas two pulses a re  required t o  a l so  n u l l  t he  
posi t ion.  I n  order t o  minimize propellant consumption, the second pulse w i l l  be a 
fixed pulse equal t o  t h e  minimum impulse b i t  which the  engine can accurately and 
repeatably produce. 
ing r a t e  and w i l l  e s tab l i sh  a fixed r a t e  af%er t h e  pulse f i r i n g .  
pulse b i t  w i l l  define this fixed leaving r a t e  of t he  f i rs t  pulse. 
impulse b i t  i s  not determined since it must be of a magnitude su f f i c i en t  t o  n u l l  
the  enter ing r a t e  and produce a minimum leaving r a t e  which the second pulse can 
null .  This w i l l  now be shown. 

The f irst  pulse w i l l  then vary depending on the  i n i t i a l  enter-  
The minimum im-  
Also, t he  f i r s t  

Sketch 2 

Where 

t = Fir ing  of f i rs t  pulse 

t2 = Fir ing  of second pulse 
1 

TY 
.. 
Q = -  

IY 

- -  TY - -  d 6  
d t  T 
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The analyses a r e  fur ther  simplified because t h e  e f f e c t s  of disturbance 
torques a r e  neglected. The rocket engine thrust cannot be taken as  a constant wit? 
t i m e  even though a constant l e v e l  i s  commanded from t h e  con t ro l l e r  s ince the  rocket 
system nonl inear i t ies  r e s u l t  i n  an osc i l la tory  thrust  output. This w i l l  a f f e c t  the 
r e s u l t i n g  r a t e  and pos i t ion  versus time which i s  shown i n  Equation (14) and ex- 
pressed as 

It1' F d t  I 
t, - T1 L 

= Pulse w i d t h  - Where t ' 

The def ining equation f o r  the f i r s t  p u l s e  case is  
1 

IT1 
.t Qo e, = -- 

I 
Y1 

Where the  sign convention i s  defined i n  Figure 2. 

The defining equation f o r  t he  second pulse case i s  

which reduces t o  

I 

UNCLASS W E D  - 11 - 



s$ce by def in i t ion  it i s  d e s i r e d  t o  n u l l  t he  r a t e  a f t e r  the second pulse f i r i n g  
(02 = 0) .  
(17) now becomes 

Equation (19 )  f ixes  the rate a f t e r  t he  f i rs t  pulse f i r i n g  and Equation 

~ 

~ and repeatedly product, Equation (20) becomes 

Since t h e  cr i ter ium f o r  minimum propellant consumption d i c t a t e s  that  
the  second pulse should be the minimum impulse b i t  which the engine can accurately 

c - -  - 0 , + -  

Y 1  y2 
I 

$1 
I 

I A constant moment of i ne r t i a  between t h e  pulse f i r i n g s  of one cont ro l  
cycle i s  assumed which d i c t a t e s  t h a t  the  i n t e r n a l  mass and equipment remain r e l a -  
t i v e l y  fixed during t h i s  time period. Therefore, I = I and Equation (21) 
be csme s Y 1  y2 

T2 - -  - 0 , + -  

Y 1  y2 

L I  

I 
$1 
I 

- 0  

Y1 
I 

= K1 io + I 
I T 1  Tmin 

The t o t a l  stored energy t o  be expended a t  each pulse i s  therefore  
defined . 

I 
UNCLASS IFlED - 1 2 -  
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8 

0 

Where 

F_r: t 

! I  I 
I 1  
! I  I I  

L 

Sketch 3 

tcl and t = The centroid of the individual  pulses f r D m  e l e c t r i c a l  
'2 s igna l  on t i m e  

tl and t2 = E l e c t r i c a l  s i g n a l  on t i m e  

The Q1 switch l i n e  can be determined as a function of themission ac- 
curacy requirements and i n i t i a l  r a t e .  Once the  81 switch l i n e  has been selected,  
t he  02 switch l i n e  can be determined. However, t h e  use of t h e  02 switch l i n e  does 
not lead t o  a p r a c t i c a l  system since errors are  introduced due t o  t h e  pos i t ion  
sensor threshold.  merefore ,  the  second pulse w i l l  be f i r e d  as  a funct ion of t i m e  
r a the r  than posi t ion.  From the  Sketch 3 above, 

UNCLASS W E D  - 13 - 
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Also 

= Q  + Qo t C 1  ls w i  t c h Qmax ' 

When 2 Bma + i s  assumed t o  represent the mission posi t ion accuracy 
requirements, Equation T24) i s  used t o  determine t h e  0 1  switch l i n e  as a function 
of i n i t i a l  r a t e  and the pulse centroid. 
ac tua l  maximum posi t ion reached i n  the vehicle t r ave l ,  it does allow a minor de-  
gree of conservatism. 

Although QmX+ does not represent t he  

The timing of the second pulse f i r i n g  can now be obtained by com- 
bining Equations (23) and (24) as shown below. 

t 2  
Q 'switch + Qo t C l  

Subs t i tu t ing  Equation (19) yields  

Q1 
+ 

) + t - t 
c2 

(Q 
- K1 t2 - - 

ITmin lswitch 

(25) 

C. Advanced L i m i t  Cycle w i t h  Velocity Calculations 

This method presents an a l te rna te  technique which u t i l i z e s  the  con- 
t r o l  technique t o  obtain the  r a t e  within the accuracy band. A vehicle angular 
pos i t ion  sensing device with appropriate c i r c u i t r y  i s  combined in to  a system which 
produces a cycle of three pulses f i r i n g  i n  a l te rna t ing  direct ions,  the l a s t  of 
which i s  intended t o  reduce the  angular ve loc i ty  t o  zero without t he  use of  angu- 
l a r  r a t e  sensors. The average d r i f t  veloci ty  during the  t i m e  between the  f i rs t  
and second pulses of the series i s  obtained by a measure of  the  elapsed t i m e  be- 
tween these pulses and from a knowledge of t h e  magnitude of t h e  nominal angular 
pos i t ion  deadband. This information i s  processed by the  system in te l l igence  t o  

UNCLASS I FI ED - 14 - 
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es t ab l i sh  the magnitude of t he  second pulse. The magnitude of the second pulse i s  
such t h a t  t h e  difference between it and t h e  t h i r d  pulse corresponds t o  an angular 
ve loc i ty  increment equal t o  the  average vehicle d r i f t  veloci ty  mentioned above. 
The e f fec t  of the second and th i rd  pulses combined i s  t o  cancel the vehicle angu- 
l a r  ve loc i ty  which e x i s t s  p r io r  t o  the second pulse. The t h i r d  pulse i s  t i m e d  so 
as t o  a r r e s t  t h e  vehicle ve loc i ty  a t  the zero angular posi t ion i n  order t o  maxi- 
mize the  average time required f o r  the vehicle t o  d r i f t  out of the  deadband. The 
functioning of t he  advanced l i m i t  cycle may be understood more c l ea r ly  when a 
t y p i c a l  sequence of operation i s  followed. 
follows : 

Such a typ ica l  sequence i s  shown as  

Sketch 4 

. Pr ior  t o  the time tl, the vehicle angular posi t ion i s  d r i f t i n g  with 
ve loc i ty  8,. When the angle 
gence c a l l s  f o r  a minimum impulse pulse t o  re turn  the  vehicle t o  i t s  deadband. 
A t  time t2 ,  the  vehicle has crossed t o  t h e  other  s ide of t he  deadband. 
in te l l igence  measures the  elaps d time s ince the previous pulse and computes the  
average d r i f t  ve loc i ty  t o  be 2 8/( t2  - ti).  
system a t  the  t i m e  t 2  were equal i n  magnitude t o  that delivered a t  t i m e  tl, the  
r e su l t i ng  angular ve loc i ty  (8,)  would be equal t o  8,. In  t h i s  case, the  system 
would follow the  simple l i m i t  cycle procedure and would repeat angular ve loc i t i e s  
a f t e r  every p a i r  of  pulses. However, t h e  system in te l l igence  c a l l s  fo r  a pulse 
which i s  greater  than the  miniqum repeatable pulse by an amount corresponding t o  
the i n i t i a l  angular ve loc i ty  (e,). Ther$fore, the  net  r e s u l t  of t he  f i rs t  two 
pulses i s  t o  leave a res idual  velocity (e,) which corresponds t o  t h a t  of t he  mini- 
mum repeatable pulse. This res idual  ve loc i ty  is  remved a t - t ime t3 by t h e  appl i -  
cat ion of a minimum pulse. 
one cycle t o  another, the  t i m e  in te rva l  ( t3  - t 2 )  i s  fixed so t h a t  the  vehicle i s  
a t  i t s  zero angular posi t ion when i t s  angular ve loc i ty  i s  arrested.  

0 (deadband l i m i t )  i s  reached, the system i n t e l l i -  

The system 

Now if  the pulse delivered t o  t h e  

Since the theo re t i ca l  value of 02 does not vary from 

UNCLASS It- I t D  - 15 - 



REPOtT 6077 
M a q w a r i t  axnNuKm 

UNCLPSSIFIED VAN NUYS. CALlfOMIA 

D. Advanced L i m i t  Cvcle with Rate Cutoff 

This technique i s  qui te  s imilar  t o  the  technique discussed i n  Section 
TV-B. The difference a r i s e s  i n  the  fac t  t h a t  the  present method assumes an accur- 
a t e  continuous r a t e  sensor. This sensor i s  used t o  provide r a t e  information near 
zero r a t e  t o  cu t  of f  the  f i n a l  pulse phase of the  sequence. The impulse delivered 
a f t e r  the e l e c t r i c a l  s igna l  of f  i s  such t h a t  it w i l l  dr ive the  vehicle  t o  zero 
r a t e .  This method fires t h e  l a s t  pulse not a s  a funct ion of  time but r a the r  when 
the  pos i t ion  sensor switches s ign (zero angular pos i t ion) .  Therefore t h i s  system 
does not  have the  integrated e f f e c t s  of system er rors  which plague the  other meth- 
ods. The only gross e r ro r s  with t h i s  method a re  the  e r r o r  associated with the  
impulse b i t  a f t e r  e l e c t r i c a l  o f f  s ignal  and the  sensor e r ro r .  

E. Simple Diamond Error  Limi t  Cycle (Rate Switching Option) 

The "Diamond Error  Matrix" configurations a re  as follows: 

1. 6-unit configuration with t h e  yaw and r o l l  axes coupled 

2. 8-unit configuration with t h e  yaw and r o l l  axes coupled 
and an independent pitch ax is  ( iden t i ca l  t o  configuration 1 
except a pure couple f o r  the  p i t ch  axis  i s  activated ra ther  
than a s ing le  engine) 

3. 8-unit configuration with both the  yaw-roll and p i t ch - ro l l  
planes simulated as  diamond e r r o r  matrices. Although t h i s  
is  a poss ib i l i ty ,  it was not  investigated i n  the  computer 
program. 

Since two (or  more) axes a re  coupled i n  t h e  "Diamond Error  Matrix", 
it i s  designed t o  have s ingle  engine f i r i n g s  t o  cor rec t  f o r  e r ro r s  i n  both axes. 
For example, i f  a combined e r r o r  command i n  (+) yaw and (+) r o l l  has exceeded the  
diamond e r r o r  band, the  appropriate engine (Engine 53 i n  Figure 5 )  w i l l  be f i r e d .  
I n  t h e  spec ia l  cases i n  which two o r  three e r r o r  bands a re  crossed simultaneously, 
the computer pr intout  w i l l  indicate  a l l  engines f i r e d .  

The "Diamond Error Matrix" f o r  the  yaw-roll axes i n  t h e  6-unit  con- 
f igu ra t ion  i s  shown i n  Figure ?. Also shown i n  Figure 5 a r e  the  designated en- 
gines t o  be f i red  f o r  t he  indicated e r ror  s igna ls .  The s ingle  ax is  e r r o r s  a re  
defined a s  

Yaw L -  € y  = al Qy + bl 

. 
Pi t ch  -- c P - a 3 P  - 8 + b  3 P  Q ( 2 9 )  
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The equations describing the  l i nea r  combination of yaw and roll e r r o r  
command band, along with the engine t o  be f i r e d  when t h i s  e r ro r  band i s  exceeded, 
a r e  as  follows 

~ ~~ 

E quat ion 
A A 

1 0 

- 1 = o  
RmaX 

€ - €  
YmaX 

F i r e  Engine (N) 

53 

63 

54 

64 

Associated with these e r ror  bands are  spec ia l  or unique cases i n  
which two of t h e  e r ro r  l i m i t  equations in t e r sec t .  
e i t h e r  the  yaw or roll e r ro r  i s  zero, a pure "coup1e"is necessary t o  drive the  
system back in to  i t s  allowable e r ro r  band. 

Since these points  occur when 

The p i t ch  e r r o r  deadband i n  the 6-unit case i s  a s t r a i g h t  deadband 
and i s  iden t i ca l  t o  the  previously described simple box system with the  exception 
of t h e  addi t ion of a r a t e  dependent e r ro r  contribution. 

The 8-unit e r ro r  command band configurations a re  shown i n  Figure 6. 
It can be seen i n  Figure 6 t h a t  the  Type 1, 8-unit, configuration i s  iden t i ca l  t o  
t h a t  shown i n  the  6-unit configuration with the  exception t h a t  i n  t h e  p i t ch  axis  
e r ro r  band, a pure couple i s  f i r e d  rather  than a s ing le  engine. The Type 2, 8- 
uni t ,  configuration mixes the  e r r o r  signals of both t h e  yaw-roll and p i t ch - ro l l  
axes i n  obtaining t h e  intel l igence necessary t o  f i r e  the appropriate engine( s )  . 

CLASS I k I t D  - 17 - 
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The equations describing the l i nea r  cambination of p i t ch  and r o l l  
e r r o r  command band along with the  engine t o  be f i r e d  when t h i s  e r r o r  band i s  ex- 
ceeded are as follows: 

E quat ion 1 Fi re  Engine (N) 1 
EF f R 

pmaX Rmax 

-r++r - 1 = o  

FP - - - 1 = o  Ek 
maX 

R € 
pmaX 

36 

46 

35 

45 

This i s  the most complex ( con t ro l l e r  o r  computer c i r c u i t r y )  of 
cont ro l  techniques investigated t o  t h i s  t i m e .  However, t h e  computer logic  

the  
S 

bas i ca l ly  an extension of the uncoupled p i t ch - ro l l  configurations except f o r  ad- 
d i t i o n a l  spec ia l  cases. I n  a l l  instances i n  which two or th ree  e r r o r  l i m i t s  a r e  
reached simultaneously, the  cont ro l  o r  computer logic  w i l l  be such t o  command the 
minimum number of engines necessary for correct ive act ion.  
t o  determine the e f fec t  of b ias ing  the switching logic  a s  a function of t h e  r a t e  
as  wel l  as  posi t ion.  With the addition of r a t e  switching, it becomes more r e a l i s -  
t i c  t o  include a f i r i n g  delay t i m e ,  since a r a t e  change by i t s e l f  may be enough t o  
exceed another e r ro r  band. 

Computer runs were made 
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v. TiIRUST VECTOR AND TMPULSE ERRORS 

It i s  evident t h a t  i n  the absence of outs ide torques, t h e  vehicle 
angular veloci ty  would be reduced t o  zero a f t e r  the first cycling of an idea l  
damped, advanced l i m i t  cycle system. However, i n  t h e  case of r e a l  systems which 
inherent ly  contain errors ,  t he  mean t i m e  between cycling is  f i n i t e .  I n  the  d i s -  
cussion which follows, the  e r ro r s  are determined which were used i n  t h e  computer 
program t o  e s t ab l i sh  quant i ta t ive relationships between the  system e r ro r s  and 
the pulsing frequency o r  mean propellant consumption. 

Errors a re  known t o  ex is t  i n  th rus t  magnitude, pointing direct ion,  
and pulse widths. 
t e m  or u n i t  such as  mounting or i n s t a l l a t ion  e r rors .  These e r rors  a re  fixed 
throughout the  h is tory  of t he  un i t  i n  question, but they may var; from one sys- 
t e m  t o  another. I n  the  
general case, t h e  t o t a l  e r ror  is  due t o  e r ro r s  of both kinds. 
f ac to r  t o  be considered i n  thrus t ing  e r rors  i s  the  e r r o r  of t o t a l  impulse delivered 
about each cont ro l  axis,  t he  pulse width e r rors  are  included a t  t h e  same time a s  
t h e  t h r u s t  magnitude and or ien ta t ion  e r rors .  The e r ro r s  a re  a function of t h r u s t  
l e v e l  and pulse width. The parameters of i n t e r e s t  include 

Some of these errors may be associated with a pa r t i cu la r  sys- 

Other system er rors  may be assumed t o  be t i m  dependent. 
Since the  important 

I 1. Total  impulse per pulse e r rors  I 
2 .  Steady s t a t e  t h rus t  l eve l  var ia t ions  

3. Tine f rom e l e c t r i c a l  on s ignal  t o  

a.  S t a r t  of valve t r ave l  

b. 90 percent f u l l  t h rus t  

c.  Centroid of pulse 

d .  E l ec t r i ca l  s ignal  of f  

e. 90 percent f u l l  t h rus t  on t a i l  o f f  

f .  End of pulse 

Total  impulse contributions due t o  

a. Rise t r ans i en t  

b. Steady s t a t e  

c.  Decay t r ans i en t  

d.  

4. 

Shutdown transient-af ter  e l e c t r i c a l  s igna l  of f  

5 .  Specif ic  impulse var ia t ions with pulse width 



The recorded pulse errors  include instrumentation e r rors  which are  
d i f f i c u l t  t o  compensate. The instrumentation e r ro r s  could be a major const i tuent  
of t h e  recorded e r r o r  especial ly  f o r  small pulse widths, and therefore  any r igor -  
ous treatment of pulse e r rors  should t r e a t  t he  instrumentation e r rors .  
pose of t h i s  t a s k  was t o  provide data which would allow mre v a l i d  assumptions 
concerning the associated pulse errors.  A more refined treatment of the pulse 
e r ro r s  was not dictated under t h i s  contract  since s t a t e  of t h e  a r t  e r ro r s  continue 
t o  change, and t h e  treatment of t he  control techniques and er rors  were i n  a gen- 
e r a l  form so t h a t  any range of e r rors  and e r r o r  d i s t r ibu t ion  could be used i n  t h i s  
program. 

The pur- 

The pulse character is t ics  of most importance t o  t h e  present study a r e  
the  following: 

1. Tota l  impulse per pulse e r rors  

2. Impulse e r ro r  associated with the shutdown t r ans i en t  
( a f t e r  e l e c t r i c a l  signal o f f )  

3. Specif ic  impulse variations 

A survey of ex is t ing  data was made. The pulse e r rors  a r i s ing  from 
typ ica l  hypergolic bipropellant pulse rocket engines were investigated i n  order 
t o  b e t t e r  e s t ab l i sh  the  s t a t i s t i c a l  range and d is t r ibu t ions  of t he  pulse errors .  
The mean value of an individual paramter  was not of pa r t i cu la r  concern i n  t h i s  
t a sk  but  t he  associated e r ro r  and the nature of the e r ro r  d i s t r ibu t ion  have a 
large influence on t h e  performance of t he  more sophisticated a t t i t u d e  control  
systems 

Due t o  the  l i m i t e d  nature of t h i s  t a s k  only a minimum of t es t  data 
could be reduced. The problem found was t h a t  although su f f i c i en t  data e x i s t  t o  
s t a t 5 s t i c a l l y  determine the parameters of i n t e re s t ,  the programs under which t h i s  
data were obtained d i d  not require  error  data because of t h e  control  techniques 
which were employed. Therefore, there i s  sca rc i ty  of per t inent  information. 

A t o t a l  of 48 data points of a 66.84 Newton bipropel lant  t h r u s t e r  
were considered. 
mands of 10 and 12 milliseconds. 

These points a re  divided between two groups of pulse width com- 
Each group was analyzed separately.  

The group associated with the  2.0 millisecond command contained 20 
data  points.  The mean value of these points  i s  given as  

i = l  
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Group 

1 

2 

3 

4 

5 

where N i s  the  number of points and Xi i s  the  ith data point.  
f ined a s  the  normalized second moment about the mean and i s  given as  

The variance i s  de- 

Range Data Points 

0.0667 - e x  < 0.0689 1 

0.0689 < - X < 0.0712 6 

0.0712 - < X  < 0.0735 6 

0.0735 < - x < 0.0758 5 

0.0758 - < x < 0.0780 2 

I? 
2 03 = + c (X - Xi) 

i = l  

The standard deviation (Q) i s  simply the posi t ive square root of t h e  variance. 
For the  group i n  question, 

X = 0.0725 kg-sec 

G2 = 0.000006 kg2-sec2 

= 0.00241 kg-sec 

When a small 
Rule t o  prov 

quantity of data is analyzed, it i s  of ten convenient t o  apply Sturges '  
de a near optimum grouping f o r  a graphical display. This i s  s t a t ed  as  

( 3 2 )  K = 1 + 3.3 loglo N 

where K i s  the  number of sub groups into which the  N data points  a r e  divided f w  
the display. The data  points  a r e  
naw divided i n  the f i v e  groups as  follows: 

For N = 20, K is  approximately equal t o  f ive .  

UNCLASS IH tu - 21 - 
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This is  shown as  a bar graph i n  the sketch below. Superimposed i n  
t h i s  sketch i s  a Gaussian d is t r ibu t ion  having the  same variance as  the popula- 
t i o n  of data points under consideration. 

f 
- 

- 3 r  X 

Similar operations a re  performed on the  group associated with the 12- 
millisecond pulse width. For t h i s  group, the  following values were obtained: 

X = 0.08705 kg sec 

r2 = 0.00005341 kg2-sec2 

= 0.00731 kg-sec 

UNCLASS IF1 ED - 22 - 



An appl icat ion of Sturges' Rule yields  approximately seven groups 
shown be low 

Group Range 

0.0685 < X < 0.0739 
0.0739 5 X < 0.0794 

0.0794 < X < 0.0848 
0.0848 < X < 0.0903 
0.0903 X < 0.0957 
0.0957 5 X < 0.101 

- 

- 
- 

0.101 < x < 0.1066 - 

Data Points 

'r' 

2 

as  

These data a re  shown below as  a bar chart with a superimposed Gaussian d i s t r ibu t io i  
having the  same variance as  the data  population. 

- 3 r  x 
Sketch 6 

3 6 -  
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The number of points  upon which the  present analysis  i s  based i s  too 
small t o  provide a reasonable l e v e l  of confidence. 
t o  demonstrate t he  form of the  r e su l t s  expected from a more extensiTe survey and 
analysis .  The probabi l i ty  densi ty  of those e r ro r s  which a r e  time va r i an t  may be 
assumed t o  be approximately Gaussian or normal. However, any reasonable d i s t r i -  
but ion may be included i n  the  d i g i t a l  computer program without undue d i f f i c u l t y .  
The mechanization of the  number generation t o  provide a specif ied d i s t r ibu t ion  is  
an establ ished rout ine and i s  discussed i n  Section VI-C. 

It i s  presented e s s e n t i a l l y  

A survey of immediately avai lable  rocket impulse data  was a l so  made 
t o  determine t h e  magnitude and source ( t r ans i en t  or steady s t a t e )  of impulse e r ro r s  
as  a funct ion of pulse width. Approximately 100 pulses from 66.84 and 443.6 Newtor 
nominal t h rus t  l e v e l  engines were used. Figure 7 presents the mean values of these 
data  points  f o r  t he  most probable impulse e r r o r  and the  3 r  t o t a l  impulse e r ro r .  
These curves a r e  cor rec t  t o  within 10% f o r  t he  data used. 

A mean value of spec i f ic  impulse as  a function of pulse width was ob- 
ta ined from avai lab le  pulse f i r i n g s .  
the  computer program. 
various t h r u s t  l eve ls  and it i s  accurate t o  within &$ of t h e  data  used. 
a heavy dependency on the engine and in jec tor  design. Tfie engine c o d d  be desigzed 
f o r  good steady s t a t e  performance i n  which case t h e  she r t e r  pulse perfomancs w w l d  
be degraded or vice versa. 

This curve (shown i n  Figure 8) was used i n  
Figure 8 i s  based on approximately a thousand puises of 

There i s  

Another source of e r ro r  i s  a t t r i bu ted  t o  the e f f e c t s  of f'2nt-k cr 
nonidealized thrus t ing .  
short  compared with the  mean time between pulses s o  the  assumption was nade %?la% 
the  t h r u s t  duration i s  e f f ec t ive ly  zero and a l l  e r r a r s  e x i s t  sirnxltaneozsPj, 

The thrust ing on-time may sa fe ly  be considered .t? E e  

Since the  impulse b i t s  were delivered a s  Dirac de l t a  functions OF 
impulses, the r e s u l t s  a r e  suspect when f i n i t e  t h rus t i zg  is  considered. 
t he  e f f e c t s  of f i n i t e  t h rus t ing  a re  predictable and may be cornpasated f o r  ty 
system in te l l igence  and do not a f f ec t  the  r e s u l t s  of t h e  preseat  ccmputer progran! 
as  long as  A t  f i r i n g  < 
require  proof before their v a l i d i t y  is accepted. 

Knwe-z:r 

t 1/2 t o t a l  dead'hand i n  t h e  warst case. T%eee stataxn_.;-s 

F in i t e  t h rus t ing  w i l l  a f fec t  t h e  t i m e  a t  which the  t k r u s t  shruid ?E 

applied and a l so  the  t r a j e c t o r y  of posit ion versus t i m e .  
a f fec t  t h e  r e s idua l  r a t e  a f t e r  the f i n a l  pulse f i r i n g  of any cont ro l  cycle, t he  
nonl inear i t ies  must be considered. 
a performance evaluation of the damped 1-bit cycle c o n t m l  technique. 
of the  following analysis i s  t o  obtain a convenient method cf analyzing the con- 
t r o l  techniques with the  associated ncnl inear i t ies  accoun td  f o r .  

Since these  f a c t x s  

The r e s idua l  r a t e  is t h e  determining f ac to r  i n  
The purpos? 

A method idea l ly  sui ted t o  t h i s  problem i s  avai lable .  3 h l s  aethod 
allows a l l  t h e  nonlinear aspects of the system t o  be e a s i l y  evaluated, and tshe 
system e r ro r s  t o  be lumped i n t o  two convenient palcameters deficed by experimental 
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data.  
analyzing, understanding, and using the cont ro l  techniques. The correct  charac- 
t e r i s t i c s  a r e  obtained before and a f t e r  the pulse f i r i n g ,  but information i s  not  
obtained during the thrus t ing  phase. 
f i n i t e  pulse f i r i n g  i s  shown t o  be exactly that which would r e s u l t  from an impulse 

of zero duration and t o t a l  impulse equal t o  Fdt applied a t  the  cent ro ida l  co- 

ordinate  of t he  area under the t h r u s t  versus time curve. 

The method, f irst  investigated by R. W. Adlhoch, s implif ies  t he  problem of 

The motion imparted t o  the vehicle  during a 

t 1 

A general  curve of r a t e  versus t i m e  would resemble tha t  shown below: 

. 01 , 01 
I 
1 
I 

I i 
I 

tl tl' 
I t 

Sketch 7 

Equation (15) shows t h a t  the angular r a t e  can be expressed as the following func- 
t i o n  of t i m e :  

Where K1 = I / L  

8, + - st Fdt a0 
d t  K 
- =  

'tl 

0 ( t )  - 0 (tl) = 6, (t - tl) + 1 st st FdZ'dt 
K1 tl tl  

UNCLASSIFIED - 25 - 
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Pr io r  t o  thrust ing,  t h e  vehicle w i l l  have a constant r a t e  i n  the ab- 
sence of  disturbance torques, and t h e  pos i t ion  i s  defined a s  

0 = 0, + 0, (t - t l )  t < t - 

A f t e r  the  pulse f i r i ng ,  the vehicle will have a r a t e  described by 

0 = 8, + 0, ( t  - t o )  + 1 Jt Jt F d't '  d t  t 
K1 tl t l  

(37)  

The double in t eg ra l  can be wr i t ten  as 

and s ince  

Since the  energy is  expended by t l ' , I T  becomes a constant i n  the 
second ir; tegral .  

UNCLASSIFIED - 26 - 
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Combination of Equations (38) and ( 4 1 )  yields  

which describes 8 a s  a function of time f o r  the  period t > tit. 

and for t > ti' Equation (42 ) ) .  
two equatiFns equal when the l i nes  are extended in to  the  region t l  < t < tl'. 
i s  shown below, 

- 
The rootion of the vehicle i s  now described f o r  t < t l (Equat ion (37)) 

The value of t i s  now sought yhich makes these  
This - -  

8 

0- 

Sketch 8 

The point a t  which these two l i n e s  cross is described by 

1 tl ' t 1 8, + io (t  - to) = 0, + 6, (t - to) + - FdZ/dt + - IT (t - tl) 
K1 tl tl K1 

which reduces t o  

t l l  t 
.I- 

J J F d T d t  = - $ (t  - tl ') 
tl tl 

(43) 

(44)  

UNCLASSIFIED 27 - 



E 
E u 

amKmumm 
V A N  NUYS, CALIFORNIA Rt?ORT @77 
Maq"ad. 

UNCLASSIFIED 

o r  

Now consider 

t l l  t 
t = t, = - -  1 J 1 F d Z I d t  + tlf 

IT t l  t i  

set 

t 
J F d 1' = I ( t)  
tl 

The i n t e g r a l  

t lf t t l  

tl tl 

J J F d f d t  = J I (t) d t  

may be integrated by par t s  t o  yield 

now 

L tl t, t, 
I I I 

and 

t d I ( t )  = d F d r = F ( t)  
d t  

t 1 
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Subs t i tu t ing  Equations (48) and (49) into Equation (47) yields 

and 

However, t h e  l a s t  t e r m  i n  t h i s  expression can be recognized as  the 
cent ro ida l  
the  form 

coordinate of the area under t h e  t h r u s t  versus time t r a c e  when put i n  

;l' t F ( t)  d t  

- n 5 (t) 1 tll - -r J t F (t) d t  = 
*tl' 

F (t) d t  

Re-examination of Equation (45) i n  l igh t  of  the  above yields  

tc = - tll + F (t)  + tl' ( 5 3 )  

or 

- 
t, = F (t) (54) 

Therefore, the point a t  which these l i n e s  cross i s  exact ly  the  cen- 
t r o i d a l  coordinate (t,) of the  area under the  t h r u s t  versus time t r ace  f o r  a con- 
s t a n t  moment of i n e r t i a  system. This can be interpreted i n  terms of  vehicle motior 
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t 
t o  imply tha t ,  i f  an impulse b i t  equal t o  I Fdt was applied a t  tc, it would i m -  

p a r t  t h e  same motion as  t h a t  imparted during the f i n i t e  pulse (F ( t))  except f o r  
t h e  region t l<  t < tl'. Since the  present program i s  not interested i n  t h i s  . 

region and only interested i n  the  fac t  t h a t  t he  t o t a l  time o r  time and posi t ion of 
t h e  next pulse f i r i n g  remain valid,  the e f f ec t s  of f i n i t e  pulse f i r i n g  need not be 
considered a s  long a s  

t 1 

t f i r i n g  - < A t  1/2 t o t a l  deadband ( i n  t h e  worst case). 

V I .  DESCRIPTION OF COMPUTER PROGRAM 

A. General Considerations 

The nature of t h i s  study lends i tself  wel l  t o  general  computer methods 
Since the  t i m e  h i s tory  of any individual cycling sequence may be described by a 
s e r i e s  of l i nea r  algebraic expressions whose coef f ic ien ts  contain random er rors ,  
d i g i t a l  computer methods are  par t icu lar ly  w e l l  sui ted.  The inherent nonl inear i t ies  
and d iscont inui t ies  which plague t h e  purely ana ly t i ca l  methods a r e  no cause f o r  
concern i n  d i g i t a l  methods. 
program i s  shown i n  Figure 9. 

A basic  flow chart  f o r  t h e  general  d i g i t a l  computer 

The input information required f o r  t h e  computer program consis ts  of  
t he  following groups of data: 

1. I n i t i a l  Conditions.- Angular posi t ion and ra tes ,  time, pulses, 
propellant,  standard deviation o f  normal d is t r ibu t ion ,  epsi lon 
or e r ro r  coeff ic ients ,  position-deadband, and i n s t a l l a t i o n  ang- 
u l a r  e r rors  

2. Vehicle parameters .- Moment arms, moments of i n e r t i a ,  minimum 
impulse b i t ,  and configuration o f  i n t e r e s t  

3. Control system parameters. - Control system of in t e re s t ,  r a t e  
sensor e r ro r s  f o r  System 4, and constants f o r  amplifying t h e  
posi t ion and r a t e  feedback information f o r  a l l  systems 

4. General information.- Wp vs. IT curve f o r  the  t h r u s t  l eve l s  
of i n t e re s t ,  delay times of f i r i n g  addi t iona l  correct ive 
pulses when t h e  control band has been exceeded, and t h e  
nature and amount of pr in tout  information d e s i r e d  

I n i t i a l  conditions were determined which w i l l  allow some degree of 
parameterization. 
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The current output format is  not optimum from a standpoint of data 
handling; it i s  primarily designed t o  f a c i l i t a t e  program monitoring. The output 
may be modified t o  a more desirable  form without d i f f i cu l ty .  It i s  ant ic ipated 
t h a t  as  a r e s u l t  of t h e  ear ly  runs, the need f o r  par t icu lar  forms of output data  
not o r ig ina l ly  provided f o r  w i l l  suggest i tself ,  therefore  requiring a format 
change f o r  t h i s  reason alone. 
parameters: 

The f i n a l  pr in tout  format includes the  following 

1. Total  mission t i m e  elapsed 

2. Indication of engine o r  engines f i r e d  

3 .  Number of engines f i red  

4. Total  propellant f o r  engines f i r e d  

5 .  Propellant consumption r a t e  f o r  engines f i r e d  

6. Total  number of f i r i ngs  per engine 

7.  Angular posi t ion and r a t e  f o r  each axis  

8. Impulse b i t  commanded f o r  engines f i r e d  

9. Impulse b i t  delivered per ax is  with po la r i ty  

If d e s i r e d ,  the  program may include a subroutine t o  generate s t a t i s -  
t i c a l  information. This would include a frequency d i s t r ibu t ion  of mean t i m e  be- 
tween cycling, propellant consumption, o r  other system variables .  
a r e a l i s t i c  measure of  worst case conditions and t h e  probabi l i ty  of t h e i r  occur- 
rance may be d i r e c t l y  obtained. The following descr ipt ion of t he  general prograrn 
w i l l  t r a c e  through the numbered operations of Figure 9. 

I n  t h i s  way, 

1. The function of t h i s  operation i s  t o  p r i n t  out  the parameters 
of i n t e re s t .  

2 .  This operation w i l l  determine the  t i m e  of the next f i r i n g  f o r  
each axis of t he  control technique employed. 
e r ro r s  and d r i f t  ra tes  f o r  each of t h e  three  vehicle axes f o l -  
lowing a pulse i n  any axis  are  employed i n  t h i s  operation. For 
each system, the re  ex is t s  a funct ional  re la t ionship  involving 
angular e r r o r  and d r i f t  r a t e  which defines t h e  t i m e  of t h e  next 
pulse f i r i n g .  In  the  case of t he  simple l i m i t  cycle, f o r  ex- 
ample, whenever the  angular deadband i s  reached, a pulse i s  
f i r ed .  
following one i s  calculated f o r  each axis  by employing t h e  
funct ional  re la t ionship mentioned above. These three d r i f t  
times a re  a l so  stored i n  t h i s  operation. 

The angular 

The required t i lne  lapse from the  previous pulse t o  the  
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3 .  The three d r i f t  times from the  previous operation a r e  com- 
pared t o  determine the lowest value. This value i s  passed 
t o  the  next operation, and the  remaining two a re  passed t o  
a storage locat ion.  The axis  associated with t h i s  pa r t i c -  
u l a r  t i m e  i s  a l so  selected. 

4. The angular e r ro r s  f o r  t h e  next pulse replace those of t he  
l a s t  pulse.  

5 .  According t o  t h e  operational philosophy i n  e f f ec t ,  the  to -  

The magnitude of t h i s  pulse i s  a function of t he  
t a l  impulse o f  t he  next pulse f o r  t h e  selected ax is  is ca l -  
culated.  
ax is  which i s  activated,  t he  numerical order of the pulse 
i s  i t s  sequence and, i n  some cases, t h e  previous pulsing 
h is tory .  
sources within the  program. 
pulse width for a given fixed t h r u s t  l e v e l  engine. 
pulse width combined with a t h r u s t  l e v e l  represents  t h e  
nominal or i dea l  impulse b i t .  

A l l  required inputs a r e  supplied from appropriate 
This operation ca lcu la tes  t h e  

This 

6. The output of Operation 3 is  the t o t a l  impulse value re- 
quired f o r  i dea l  system performance. The present opera- 
t i o n  introduces errors t o  t h e  systern. Pa r t i cu la r  e r rors ,  
fo r  example, w i l l  be obtained from a random number gener- 
a t o r  used i n  conjunction with a normal d i s t r ibu t ion  curve. 
The system e r ro r s  are discussed i n  another pa r t  g f  t h i s  
report .  

7. Following the pulse, t he  system dynamics are changed p r i -  
marily i n  the  ax is  being controlled.  These changes a r e  
calculated during t h i s  operation. 

8. Due t o  th rus t  misalignment, the  two inac t ive  axes a l so  
experience dynamic changes. These changes a re  calculated 
during t h i s  operation. 

9. The octputs of Operations 7 and 8 a re  used t o  compute the  
previous inputs t o  Operaticn 1 which have not ye t  been 
a l te red .  
evaluated. 

A l l  variables f o r  the  next pulse have now been 

The computer program t o  simulate the  behavior of t h e  a t t i t u d e  con t ro l  
systems i n  question i s  b u i l t  around a s t ruc t a rz  of a fundamen%al "driver program". 
This d r i v e r  program provides the  basic logic  t o  d i r e c t  t h e  various a c t i v i t i e s  and 
e s t a b l i s h  the  proper sequencing of events throughout the simulation. The d e t a i l  
functioning of t he  simulation takes  place i n  the  various subroutines such as  the  
random number generating rout ine and the rout ine which handles the evaluation of 
the  system dynamics together with the system and impulse e r rors .  
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The program i s  constructed t o  provide torque impulses i n  t h e  proper 
sense when appropriate conditions a re  m e t .  
t h e  pa r t i cu la r  operating philosophy i n  force and the order of t h a t  impulse i n  t h e  
f i r i n g  sequence. 
with ve loc i ty  calculations a r e  given below: 

!These conditions a re  determined by 

For example, the  f i r i n g  c r i t e r i a  f o r  the advanced l i m i t  cycle 

Pulse No. 

1 

2 

3 

Magnitude 

I O  

2 5  Io + - r (t, - t, 
L I 

IO 

When t o  F i r e  

I Q ~  = A Q  

= A Q  

JAQ t 2  + - 
r I ,  

Time 

I n  addition t o  the  f i r i n g  c r i t e r i a  shown above, severa l  other  con- 
s t r a f n t s  a re  placed upon the systems operation. 
unl ikely but e n t i r e l y  possible s i tuat ions such a s  a compounding of e r rors  i n  
such a way tha t  a t  some point a single pulse is  unable t o  execute i t s  proper 
function and the  vehicle angular posit ion d r i f t s  beyond i ts  limits. 
s u f f i c i e n t  addi t ional  pulses a re  f i red  i n  the  proper sense t o  re turn  t h e  vehicle 
t:, its deadband and the cycling sequence i s  again i n i t i a t e d .  Other system safe-  
guards concern +,hemselves with simultaneous pulsing i n  two or more axes. 
gram i s  so constructed t o  avoid confusion a t  such t i m e s .  

These concern themselves with 

I n  t h i s  case, 

The pra- 

When a torque impulse i s  delivered t o  any pa r t i cu la r  axis,  the  idea l  
impulse i s  modified t o  contain both random and b ias  e r ro r s  i n  a l l  th ree  vehicle 
axes simultaneously. These delivered impulses are  then applied t o  t h e  system dy- 
namics t o  preduce angular ve loc i ty  changes about a l l  applicable vehicle axes. 
T h i s  operation i s  discussed more thoroughly i n  the  following section. 

E. System Errors  and Dynamics 

The subroutine of  t h e  d i g i t a l  computer program containing the e r r s r s  
and dynamics i s  described a s  follows: For each commanded impulse of each engine 
configuration the re  a re  three  l i nea r  algebraic equations, one f o r  t he  ac t ive  ax is  
and one each f o r  t he  two passive axes. 
each couple o r  s ingle  engine f i r i n g  possible under  any of t h e  cont ro l  philosophies. 

A block of three equations i s  reserved f o r  
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Due t o t h e  la rge  number of combinations of  specif ied system configura- 
t i ons ,  con t ro l  philosophies, and individual component b i a s  errors ,  t h e  operation of 
the  computer program under development can be very prone t o  human operator e r r o r .  
For t h i s  reason, a convenient method of pa ramte r  i den t i f i ca t ion  has been evolved 
which minimizes e r ro r s  of t he  above-mentioned type. 

The vector  and numbering convention used i s  shown i n  t h e  following 

Posi t ive ro ta t ion  is shown i n  t h e  diagram according t o  t h e  
diagram where t h e  numbers indicate  both pos i t ive  and negative d i rec t ions  of each 
of the  three  axes. 
r i gh t  -hand ru l e  

De 

Y 
Z 

Sketch 9 

ignation of system errors  i s  accomplished by means of a t r i p l e  
subscr ipt  on the  quant i t ies  i n  question. The f i rs t  d i g i t  of +,he subscr ipt  denotes 
the ax is  from which the  engine stems. 
which the  engine i s  pointing, and the t h i r d  denotes the  d i r ec t ion  i n  which th? 
pos i t i ve  d i rec t ion  of t h e  e r r o r  vector points.  The engine numbering system i s  
i l l u s t r a t e d  i n  Figure 1. 

The second d i g i t  denotes the  d i rec t ion  i n  

A s  a t yp ica l  example, the 6-unit configuration given a pos i t ive  yaw 
command i s  shown i n  the  following i l l u s t r a t i o n  where Io represents  the commanded 
impulse, the  biased or fixed error,  and the random e r ro r .  
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Sketch 10 

The vector sum of the E ' s  therefore  represents  the  t o t a l  random 
e r r o r  due t o  such f ac to r s  as  unsymmetric combustion, command error ,  e t c .  Sim- 
i l a r l y  the vector sum of the  8 ' s  represents the  t o t a l  f ixed error due t o  en- 
gine attachment misalignment and machining e r ro r s .  

I n  general, a p a i r  of engines designated t o  provide a torque i m -  
pulse about one axis  a l so  torques the o ther  two axes t o  the  extent of i t s  out  
of plane e r r o r s .  
t,hre? equations mentioned previously. The r o l e  of each of these blocks i s  bes t  
shown by example. For the  engine configuration shown i n  t h e  previous i l l u s t r a -  
t i o n  and with a pos i t ive  roll command, the  appropriate block i s  as  follows: 

This s i t ua t ion  necessi ta tes  t he  use of t he  s i x  "blocks" of 

= Io$ ( *  +%44 i- e44 + 533 + $33)IJR 

mp = '0% ('641 +e41 -$j31 -531)' I O L l  (-645 - % + 5  -535 - 8 535 1 /Jp 

= IoL i  ('533 + $33 -E644 -B644)lJY 

The biased e r ro r s  (6 ) i n  t he  above expressions a r e  introduced i n t o  
the  program as  input data,  t h a t  i s  t o  say, the values a re  assigned before executing 
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a program run. The random e r ro r s  ( e  ), on the  other  hand, a r e  introduced i n t o  
the  program by the  random number subroutine as  each e r ro r  is called f o r  i n  t h e  
program execution. 
t ions : 

The random er rors  ( E  ) a re  determined by t h e  following equa- 

where R i s  a random number normally dis t r ibuted between - r a n d  + c. 
number generator subroutine i s  modified t o  r e f l e c t  normally d i s t u r b e d  random e r ro r s  
(R1, %). All random e r ro r s  a re  symmetrically dis t r ibuted with respect t o  sign. 
That is, it i s  equally l i k e l y  f o r  an e r ro r  t o  be pos i t ive  a s  negative and a l l  ran- 
dom e r ro r s  a re  independent events. The numerical limits placed on the  biased and 

The random 

random errors w i l l  be i n  accordance with t h e  ground ru les  established i n  Section 
111 D 

The 3 c t o t a l  impulse e r ror  curve (Figure 7) was used i n  the  computer 
pragram t o  es tab l i sh  t h e  impulse magnitude errors .  
e r r o r  i s  composed of both steady s t a t e  and t rans ien t  errors. 
e r m r  i s  represented by 
magnitude e r ro r  i s  represented by e' = x + y. 

The t o t a l  impulse magnitude 
If t h e  steady s t a t e  

x and the  t rans ien t  e r r o r  by f y, then the  t o t a l  impulse 

If we l e t  k equal t h e  r a t i o  of steady s t a t e  e r r o r  t o  t o t a l  e r r o r  

%hen 

X E '  = - 
k 

It also follows t h a t  k E' = x and (1 - k) e* = y 

UNCLASS DFIED - 36 - 



R C K H T  6077 
 quad. awrrreQlllv 

V A N  NUYS, CALICOWIA UNCLASS I F I  ED 

If k = 1 a l l  e r rors  a r i s e  from steady s t a t e  sources 

If k = 0 a l l  e r rors  a r i s e  from the  t rans ien t  portion of t he  pulse 

An abbreviation of the  random er ror  equations used i n  t h e  computer program i s  

e = k A + (1 - k) B IT/I~ 

This function allows the  e r rors  t o  be weighted according t o  where 
they a r i s e ,  e i t h e r  t r ans i en t  o r  steady s t a t e  where k is the  weighting factor .  
The values of k, which i n  the  printout i s  labeled 2nd ECoef,were derived from 
Figure 7 and are  presented i n  Figure 10. 

Two other epsilon coeff ic ients  were designated i n  the random e r r o r  
equations. One i s  required t o  define t h e  t o t a l  impulse magnitude e r ror .  Another 
i s  required t o  account f o r  the angular e r rors .  
the 1st Ecoef equals t he  t o t a l  angular e r r o r  i n  radians.  This angle is then 
selected by a random number normally dis t r ibuted between -1 and +l. 
fcoe f  equals the t o t a l  percent steady s t a t e  impulse e r r o r  d iv ided  by the  1st 
Ecoefo 
cent steady s t a t e  impulse e r ror .  

I n  terms of computer printout,  

The t h i r d  

Therefore, the quantity (1st Ecoef)(3rd Ecoef )  equals t he  t o t a l  per- 

8) was used 
operation ( 

The mean value of specif ic  impulse (Isp) versus pulse width (Figure 
i n  the computer program t o  obtain W versus IT curves. A nonlinear 

The computer 

P t h r u s t  times pulse width divided by spec i f ic  impulse) was performed 
t o  obtain t h e  propellant consumption f o r  a given impulse command. 
program i s  set up i n  such a manner that  once t h e  impulse i s  computed, t he  corres-  
ponding W f o r  t h a t  pulse f i r i n g  i s  obtained from t h e  above information. P 

C. Random Number Generation 

The foundation o f  the  en t i re  invest igat ion rests on the  nature of 
the  systems t h r u s t  impulse errors .  
unpredictable portions of these errors and t h e i r  co l lec t ive  effect upon system 
behavior. It is  the  generation of  these random e r ro r s  which is  discussed here. 

O f  pa r t i cu la r  i n t e r e s t  a r e  t h e  individual  

A standard subroutine i n  use f o r  t he  IBM 7040 Electronic Dig i t a l  
Computer f o r  t he  generation of random numbers supplies an output of numbers which 
show n3 r epe t i t i on  of pa t te rn  within a range of approximately 8.3 x lo9 outputs. 
These numbers a re  approximately rectangularly d is t r ibu ted  within an i n t e r v a l  of 
zero t o  unity.  The numbers introduced in to  t h e  computer program t o  simulate t h e  
a t t i t u d e  cont ro l  system e r ro r s  a re  d i f fe ren t  i n  both range and d i s t r ibu t ion  from 
those avai lable  from t h e  above-mentioned subroutine. For t h i s  reason, the output 
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of the random number generator i s  properly modified t o  produce a Gaussian, o r  norm- 
a l ,  d i s t r ibu t ion  having the  des i r ed  variance and truncated a t  t h e  des i r ed  value of 
standard deviations from the  n u l l  value. The d i s t r ibu t ion  i s  centered about a Val- 
ue of zero; any s h i f t  i n  t he  d is t r ibu t ion  is  incorporated in to  t h e  b ias  e r r o r  whick 
i s  introduced as  a separate parameter. The t runcat ion of t h e  i d e a l  Gaussian d i s -  
t r i b u t i o n  is  a necessary measure due t o  i t s  unbounded nature. Real system e r ro r s  
a re  approximately normally distributed i n  the v i c i n i t y  of zero, bu t  la rger  values 
a re  bounded between de f in i t e  limits. 

The modification of t h e  random’ number generator output may be accomp- 
F i r s t  by a d i r e c t  conversion, o r  second by a l i n e a r  l ished i n  e i t h e r  of two ways: 

combination of var iables .  

1. Direct Conversion 

Designate X as  a random variable  having a frequency d i s t r ibu t ion  
f ( X ) .  
quency d is t r ibu t ion ,  F (y),  of y is  given as 

Define a new variable,  y = h ( X ) .  The c l a s s i c a l  expression f o r  t h e  fre- 

F (y)  = f ( h - l  (y ) )  a 
dY 

where h’l (y)  i s  t h e  inverse function of h ( X ) .  The above expression i s  the  bas i s  
o f  a d i f f e r e n t i a l  equation i n  the variables y and h’l (y)  when F (y)  i s  specif ied.  
For most cases, the  resu l t ing  equation i s  very nonlinear and does not lend i tself  
t o  a ready solution. 
great ly .  I n  t h i s  case 

When f ( X )  is  constant, however, the problem simplif ies  

dh” (y) F ( Y )  = c 

where C i s  the  value of f (X)  i n  a f i n i t e  i n t e r v a l  of appropriate length. 

Now 

F (y) dy = C dh-l  (y) 

o r  
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where a i s  t h e  lower bound of t h e  in te rva l  ( X ) .  
the  following 

This expression s implif ies  50 

J - 1 $ F (y) dy = h'l (y)  - a 
c -00 

When y i s  normally dis t r ibuted,  the  above in t eg ra l  i s  wr i t ten  as 
2 

Y Y -y  
J F (Y)  dY = - J e 2 6 *  dY 
-8 mi= -00 

for which extensive tab les  e x i s t .  
read i ly  avai lable  i n  graphical form. A proper r e f l ec t ion  of the  inverse function 
about the  o r ig in  yields  a p lo t  of the  d e s i r e d  function, h ( X ) .  
t i o n  i s  not avai lable  i n  analyt ic  form, it i s  t o  be closely approximated i n  poly- 
nomial form, 

Therefore, t h e  inverse function h" (y),,  is  

Since t h i s  func- 

h ( X ) Z  xi ai Xi 

This function w i l l  be applied t o  t h e  output ( X )  of t h e  random number generator t o  
produce the  new random variable  (y) having the  d e s i r e d  frequency d is t r ibu t ion .  

2 Linear Combination 

Let Xidenote t h e  ith output of t h e  random number generatar. A 
new random variable i s  now given a s  

y = f i  b i  X i  

A s  i becomes large and the  b ' s  remain bounded 
t h a t  t he  d i s t r ibu t ion  of y approaches t h a t  of a Gaussian d i s t r  

it may be shown 
bution. When i i s  

l i m i t e d  t o  a r e l a t i v e l y  l o w  value ( f o u r  or f ive ) ,  t h e  closeness of approach of 
t he  var iable  (y)  t o  a Gaussian d is t r ibu t ion  depends la rge ly  upon t h e  choice of  t.he 
coef f ic ien ts  ( b i )  

Both of t h e  methods described above produce output var iables  
which a re  approximately Gaussian i n  d i s t r ibu t ion .  The former method, however, 
i s  more v e r s a t i l e  and it was chosen t3 produce the  des i r ed  var iables .  A t ab l e  
of (X,  h ( X ) )  points  i s  input, and interpolation i s  performed by f i t t i n g  parabolas 
on t r i p l e s  of these points .  The l a t t e r  method i s  i n i t i a l l y  simpler t o  mechanize 
but i s  l i m i t e d  t o  producing only a Gaussian d i s t r ibu t ion .  
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A. Parametric Results 

A series of eighteen computer runs were made with 100 pulses i n  order 
t o  check out the  computer logic.  
a s  follows: 

The i n i t i a l  conditions used f o r  these runs were 

3 d e r ro r  distribution--?$ t o t a l  steady s t a t e  impulse 
magnitude e r r o r  

2 degree constant th rus t  vector angular e r r o r  

k = 0.4 0 8  = 1 deg 8, = 0 deg 

io = 0.0010 deg/sec X = 17.28 m J R  = 17,000 kg-m-sec 2 
P 

Y 
J = Jp = 5OO,OOO kg- 

m-sec2 Y io = 0.0100 deg/sec Y = Z - 3.55 m 

6 = 0.0001 deg/sec y= 0 

f = 668.4 Newtons 
OR I n s t a l l a t i o n  angular 

IT = 2.04 kg sec 
and 4.76 kg sec 

e r rors  ( $ijk) = 0 

Configurations 1 and 2 f o r  Systems 1 through 4, described i n  Sect icn 
111, were investigated.  These i n i t i a l  conditions were used f o r  a l l  data preser;ted 
i n  t h i s  sect ion except where noted. 

1. Mission Time 

In  order t o  determine whether or not these runs would produce a 
mean propellant consumption r a t e ,  the  propellant consumption r a t e  versus time was 
plot ted.  Typical curves f o r  Configuration 2 (IT = 2.04 kg see) a re  shown i n  Fig- 
ures 11 and 12. 
propellant consumption r a t e  i n  some cases, the values of propellant consumption 
r a t e  a f t e r  100 pulses were used t o  obtain preliminary system comparative trends.  
The r e s u l t s  i n  normalized form a re  shown i n  Figure 13. The three System 1 plo t s  
present t h e  propellant consumption f o r  t h e  maximum theore t ica l ,  average theoret ica:  
and the  computer r e su l t s .  

Although the  mission times were not long enough t o  produce a mean 

In  o r d e r  t o  determine t h e  missiont ime required before a mean pro. 
Figure 11 pel lan t  consumption value becomes valid,  a system was run f o r  82.5 days. 

presents t h e  propellant consumption ra te  as  a function of t i m e .  Random points i n  
t i m e  were used. 
man  propellant consumption r a t e .  Figure 14 shows t h a t ,  f o r  this system, the mean 

The t o t a l  propellant a t  t h a t  t o t a l  t i m e  was used t o  compute the  



propel lant  consumption r a t e  was val id  a f t e r  approximately 3 x 106 sec. A f l i g h t  
t i m e  was used as a boundary l i m i t  f o r t h e  computer run t i m e ,  but i f  t h i s  time i s  
in su f f i c i en t  the f i n a l  conditions can be used a s  i n i t i a l  conditions f o r  another 
run and data will be ob-bained fo?- a longer e f fec t ive  t o t a l  mission t i m e .  Figure 
14  shows t h a t  the random values which were picked deviated no more than 1.2% 
a f t e r  3 x 106 sec. 

2. Minimum Pulse Width 

The e f f e c t  of varying t h e  minimum pulse width on system perform- 
ance was investigated f o r  Configuration 1 with an advanced l i m i t  cycle method (Sys- 
t e m  2 )  and a simple l i m i t  cycle method (System 1). 
simple l i m i t  cycle propellant consumption r a t e  a s  previously derived can be ex- 
pressed a s  

The theo re t i ca l  (no e r ro r )  

This function is  plotted along with the  other two curves i n  Figure 
15. 
due t o  the  method of plot t ing,  i s  seen t o  be substant ia l .  This i l l u s t r a t e s  t he  
importance of t h e  system er rors .  The importance of using the  smallest  impulse bit 
obtainable i s  a l so  stressed. The reduction i n  propellant consumption by using the  
advanced control  techniques i s  realized f o r  a l l  pulse widths. The propellant coz- 
sumption has been normalized s ince only the  r a t i o s  a re  of importance a t  t h i s  time. 
The i n i t i a l  conditions f o r  t h i s  case are the same as  those noted a t  t he  beginning 
of t h i s  sect ion except t h a t  a 4% t o t a l  steady s t a t e  impulse magnitude e r r c r  was 
used and the  i n i t i a l  r a t e s  were 0 

0 001 deg/sec . 

The deviation from the  theore t ica l  value, although exaggerated i n  the  curve 

=0.0001 deg sec, 8, = 0.91 deg sec, and 8 = 
OR P OY 

3. Accuracy Deadband and Thrust Vector Angular Error 

System 2 was run with the  same i n i t i a l  conditions used f o r  eval-  
uating the  e f f e c t s  of minimum pulse width t o  determine t h e  e f f e c t s  of varying the  
accuracy deadband and t h r u s t  vector angular e r ror .  The r e s u l t s  f o r  System 2 with 
a minimum impulse b i t  of 2.04 kg sec a r e  shown i n  Figure 16. 

The theo re t i ca l  (no e r ro r )  propellant consumption i s  an inverse 
function of t he  deadband angle (4 = K/d0). 
t i o n  was checked and the  advanced ?bit cycle e r r o r  case was found t o  support t he  
theo re t i ca l  prediction. The deadband angle i s  therefore  not believed t o  be a s ig-  
n i f i can t  parameter i n  future  s tudies  since the  basic e f f e c t  of t h i s  parameter f o l -  
lows theo re t i ca l  predict ions.  

For comparative purposes, t h i s  func- 
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Changing the  th rus t  vector angular e r r o r  within the  region shown 
Up t o  t h i s  point,  i s  seen t o  have L i t t l e  e f f e c t  on the  t o t a l  system performance. 

a l l  t h r u s t  vector angular e r rors  had been constant, t h a t  i s ,  each pulse f i r i n g  had 
the same ra ther  than random angular errors .  The constant angular e r r o r  of 2 de- 
grees t o t a l  was assumed t o  be a t  a 45 degree angle t o  the  axes. Also, t h e  roll 
was controlled by p i tch  engines i n  Configuration 2. These were changed f o r  t he  
f i n a l  cont ro l  system comparison runs. 
and t h e  angular e r ro r  was picked a t  random from a normal d is t r ibu t ion  whose 3 Q" 
value was 2 degrees. 

The roll was controlled by t h e  yaw engines 

4. System 4 Errors 

There a re  two s ign i f icant  e r rors  associated with Control System 
4. Specif ical ly ,  these a re  the  impulse e r ro r  a f t e r  t h e  e l e c t r i c a l  s igna l  i s  corn- 
mnded o f f  and the  angular r a t e  sensor e r ror .  The impulse e r r o r  i s  t rea ted  i n  
t h e  computer program by taking only one-half the  impulse e r ro r  f o r  a given pulse.  
This r e s u l t s  i n  good f irst  order answers since t h e  pulse of i n t e r e s t  ( t h e  l a s t  
pulse of t he  control  cycle) i s  the  minimum pulse width and the  e r ro r  of one-half 
t he  pulse f o r  t h i s  case i s  very close t o  t h e  e r r o r  a f t e r  the  e l e c t r i c a l  s igna l  is  
commanded o f f .  The angular r a t e  sensor e r ro r s  were ref lected by t h e  
c ien ts  through the  impulse b i t  error associated with the angular r a t e  e r ror .  All 
signs were taken as posi t ive.  For the  f i n a l  system runs, however, (used f o r  com- 
parison of control  techniques) signs were a r b i t r a r i l y  assigned as  + @roll and 
+ gyaw and - @pitch'  The 8 ' s  are  associated with spec i f ic  engines whereas the 
sensor e r ro r s  a re  associated with vehicle axes. This led t o  a problem when one 
engine was used for control  of mre than one axis.  
giving the  @ a value proportional t o  the f i r i n g  frequency f o r  each axis controlled.  
The sensor e r rors  used t o  parameterize the e f f e c t  of t h i s  var iab le  were as follows: 

i j  j coef f i -  

This problem was resolTed by 

deg/sec 

0 

o 00006 

0 0 0001 

0.001 
0.002 

0.006 

0.01 

6 Sensor Errors 

rad/sec 

0 

1.046 x 

1..745 x 
1.745 x 10-5 

0.349 x lom4 
1.046 x 

1.745 x 

most sophisticated r a t e  sensors 

s t a t e  of the  a r t  r a t e  gyros 
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Figure 17 shows the e f f ec t  of angular r a t e  sensor e r ro r s .  The 
r e s u l t s  were t h a t  f o r  angular r a t e  sensor e r rors  equal t o  o r  greater  than 0.006 
deg/sec, the angular r a t e s  and therefore t h e  propellant consumption became diver- 
gent. Rate sensors b e t t e r  than s t a t e  of  the a r t  gyros are  therefore required f o r  
th i s  method. 
sumption r a t e  f o r  t h i s  case i s  presented i n  the comparison of control  systems sec- 
t i on .  
accuracy deadband investigation. 

The e f f ec t s  a re  shown i n  normalized form since the propellant con- 

The i n i t i a l  conditions f o r  t h i s  case a re  the same as those noted f o r  t h e  

5. I n i t i a l  Angular Rates (With and Without Errors)  

The simple box l i m i t  cycle was the  only technique under inves t i -  
ga t ion  f o r  which an ana ly t i ca l  expression of mean propel lant  consumption had been 
d e r i v e d .  
t he  a c t u a l  computer r e su l t s .  Configurationlwas used f o r  t h i s  study with t h e  f o l -  
lowing e r r o r  conditions: 

It was thus possible t o  predict  these flow r a t e s  and compare themwith 

Runs No. 35y 36y 37: Error  conditions a s  discussed f o r  
evaluating minimum pulse w i d t h  e f fec ts .  
d i f f e ren t  i n i t i a l  ra te  conditions. 

Each run had 

Runs No. 43y 43-1: 
t i o n  VII-B f o r  the comparison of control  systems. 
run had d i f f e ren t  i n i t i a l  r a t e  conditions. 

Error conditions a s  discussed i n  Sec- 
Each 

Run No. 43*: 
order t o  check the  theore t ica l  calculat ions.  

This run was made with no system e r ro r s  i n  

The equations previously established f o r  s t r a i g h t  l i m i t  cycle 
propellant consumption per axis  a r e  as follows: 

2 pa i r s  of 
coupled engines 
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1 2 uncoupled 
engines 

The first two equations r e s u l t  from having four  engines about 
?ach ax i s  f o r  a t o t a l  of 12 engines as i n  Configuration 3. The l a s t  two equations 
resul t  from two engines about each axis or a t o t a l  of six engines. The Configura- 
t ion  1 study uses coupled engines f o r  roll and yaw and an uncoupled engine f o r  
pitch.  

Due t o  the  nature of the advanced l i m i t  techniques (presence of 
act ive damping), the  system performance i s  completely independent of t he  i n i t i a l  
sngular r a t e s .  However, t h i s  i s  not the case i n  the  simple l i m i t  cycle techniques,  
Phe difference i n  coef f ic ien ts  a r i s e s  from the  f a c t  t h a t  t heo re t i ca l ly  the  propel- 
l an t  consumption depends upon the  i n i t i a l  angular r a t e s .  The maximum flow r a t e  
is predicted f o r  the case i n  which the i n i t i a l  angular r a t e  i s  one-half the angu- 
l a r  r a t e  increment delivered per pulse. This i s  the reason for presenting the  re 
s u l t s  as  shown i n  Figure 18. The average and maximum theore t i ca l  propel lant  con- 
sumption r a t e s  a re  presented i n  Table I as  w e l l  a s  the  predicted flow r a t e s  for 
3uns 43, 43-1 and 43*. The important vehicle  and i n i t i a l  r a t e  informatior i s  a l so  
repeated i n  Table  I. It should be noted t h a t  i n  two Runs (43 and 43*) the i n i t i a l  
mgular  r a t e s  i n  the  p i t c h  axis were higher than the  angular r a t e  increment. The 
2ffective i n i t i a l  r a t e  was thus taken a f t e r  two f i r i n g s .  

The r e s u l t s  of these investigations a re  presented i n  Figure 1%. 
Due t o  t he  cross  coupling of engines for roll and yaw control ,  the  propel lant  con- 
sumption r a t e s  f o r  these two axes were combined i n  R u n s  43, 43-1, and 43*. Sim- 
i l a r l y ,  only the  t o t a l  propellant consumption r a t e  f o r  a l l  t h ree  axes was computed 
in  Runs 35, 36, and 37. It was thus necessary t o  e s t ab l i sh  an e f f ec t ive  i n i t i a l  
ra te  r a t i o  f o r  Runs 43, 43-1 and k3*. The r a t i o  of i n i t i a l  r a t e  t o  r a t e  increment 
das selected t o  be t h e  same i n  a l l  three axes, however, f o r  Runs 35-37. 

The r e s u l t s  of the  no e r r o r  case (Run 43*) substant ia ted the  
theo re t i ca l  calculat ions showing the va l id i ty  of t h i s  der ivat ion.  
the cases i n  which f i r i n g  e r ro r s  were incorporated show two d i f f e ren t  t rends.  

The data  from 

1. The propel lant  consumption r a t e  i s  s t i l l  dependent on 
i n i t i a l  r a t e  conditions even when these  e r ro r s  a re  
present.  
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Although these two statements a r e  apparently contradictory, they 
may be compatible when the  operating t i m e  is taken in to  consideration. O f  t h e  
nine data  points, five are  within 5 percent of t he  most probable flow r a t e  r a t i o  
and only one has a deviation greater  than 19 percent.  
ever, was only one mill ion seconds with some runs as  short  as  a quarter mil l ion 
seconds. 

The longest run t i m e ,  how- 

5 
E c, 

From the random nature of t h e  errors ,  it appears t h a t  t he  propel- 
l an t  consumption r a t e  w i l l  converge t o  t h e  predicted most probable value a f t e r  a 
s u f f i c i e n t  period (which appears t o  be about th ree  mill ion seconds). I n i t i a l l y ,  
t h e  propel lant  consumption should follow the  theo re t i ca l  values, based on i n i t i a l  
conditions, due t o  t h e  small magnitudes of  t he  e r rors .  
t he  cycling frequency w i l l  diverge f rom i n i t i a l  conditions. 
o r  average flow r a t e  based on any small sample period may vary from zero t o  the  
maximum theore t i ca l  ra te .  However, is i s  the  averaging over extended periods of  
t i m e  which r e su l t s  in t he  most probable value. 

A s  these  e r ro r s  accumulate, 
The cycling frequency 

= 1.0 and (Emx)  = 1.0 deg 
p, R, Y, p, R, y For System 5 ,  ( a )  

b 

B. Control System Comparisons 

The control  systems were compared using the  following i n i t i a l  condi- 

2 degree random thrus t  vector angular e r rors ,  At = 30 m i l l i -  
seconds -- k = 0.62 

t i ons  : 

3 d e r r o r  d i s t r ibu t ion  -- 4% t o t a l  steady s t a t e  impulse magnitude 
e r r o r  

-- 2% t o t a l  steady s t a t e  impulse e r r o r  
(System 4) 

= 0.002 deg/sec (System 4)  '(sensor e r r o r )  

A0 = 1 deg 

6 = 0,0001 deg/sec, io = 0.01 deg/sec and 6 = 0.001 deg/sec 

0, = 0 deg -- 0, ?/= 0.01 sec (System 3) 

OR P OY 



The roll axis  was controlled by yaw engines fo r  Configurations 1 and 
2. The pa r t i cu la r  values f o r  pijkvs were selected a t  random with rand 
These values were then used as  constants i n  the computer program. The r i j k f s  
assume one-half of  t he  engines have a 1/2-degree angular e r ror ,  one-quarter of t h e  
engines have a 1-degree angular e r ror ,  and the  remaining engines have zero angular 
e r ro r s .  The computer program printed approximately 400 out  of every 1000 pulses. 
The approximate end l i m i t s  f o r  t he  computer runs were: Time = 6 x 106 sec, t o t a l  
propel lant  mass = 2300 kg, or 9000 totalpulses .  The vehicle parameters l i s t e d  i n  
Table I1 were used f o r  t h i s  investigation. 

signs.  

Phase planes f o r  t h e  f i v e  cont ro l  systems w e r e  constructed f o r  t he  
The individual axes of purpose of comparing (1). The control  systems and (2) .  

each cont ro l  system. I n  a l l  cases, it was attempted t o  obtain data for the  phase 
planes during steady s t a t e  l i m i t  cycle operation. This was e s sen t i a l ly  a c c o p  
plished f o r  a l l  systems except System 5 (diamond e r r o r  matrix). The phase planes 
a re  shown i n  Figures 19 through 27 and a b r i e f  descr ipt ion of each cont ro l  system 
i s  given below. A l l  systems were run f o r  Configuration 1, Vehicle Parameter Se t  1, 

1. Simple Box L i m i t  Cycle 

Figures 1.9, 20, and 2 1  a re  representat ive of t h e  phase plane t r a -  
j ec to r i e s  f o r  t he  simple box l i m i t  cycle operation without using r a t e  information. 
A s  seen i n  Figure 19, the  roll axis  l i m i t  cycle is  completely set t led out but 
Figures 20 arid 2 1  indicate  t h a t  t h e  yaw and p i t ch  axes l i m i t  cycles a re  d r i f t i n g .  
This is explained a s  disturbances resul t ing from cross coupling t h r u s t  e r ro r s  and 
i f  t he  t r a j e c t o r i e s  had been drawn a t  a d i f f e ren t  s t a r t i n g  t i m e ,  they would appear 
s l i g h t l y  d i f fe ren t .  However, since the average e r r o r  over a long period of t i m  
averages t o  zero, t h e  basic  t ra jec tory  should be very s imilar  a t  any t i m e  follow- 
ing the  i n i t i a l  t rans ien t  s e t t l i n g  time. 

2. Advanced L i m i t  Cycle with Velocity Information 

The roll axis  phase plane f o r  Control System 2 i s  shown i n  Figure 
22- Only one ax is  is  presented, since t h e  o ther  two axes a r e  near ly  iden t i ca l  i n  
form with only the  r e l a t i v e  d r i f t  ra tes  (due t o  random e r ro r s )  being s l i g h t l y  d i f -  
f e r en t  and therefore,  commanding various r a t e  corrections.  

3 Advanced L i m i t  Cycle with Velocity Calculations (3-Pulse Method) 

A s  i n  System 2, the t r a j ec to r i e s  f o r  t h e  three  axes i n  t h i s  sys- 
tem a re  very s imi la r  and only the  roll axis  phase plane is  presented (Figure 23) .  
The e f f e c t  of cross coupling t h r u s t  errors i s  readi ly  seen i n  t h i s  p lo t  wherein 
the d r i f t  r a t e  i s  i n i t i a l l y  posi t ive and then switches t o  negative (as  indicated 
by the dashed l i n e ) ,  
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4. Advanced L i m i t  Cycle with Rate Cutoff 

The t r a j e c t o r i e s  f o r  the three axes i n  t h i s  system, as i n  the  
o ther  damped control  techniques, are nearly iden t i ca l  with only the  d r i f t  char- 
a c t e r i s t i c s  d i f f e r ing  between pitch,  yaw, and roll. Actually, i n  a l l  of t h e  damped 
systems, the l i m i t  cycle phase planes have lesser meaning than t h e  undamped con- 
t r o l  techniques due t o  the  f a c t  t h a t  once an e r r o r  band has been reached, the t r a -  
j ec to r i e s  from t h a t  point on w i l l b e  essent ia l ly  t h e  same. The roll axis  t r a j e c -  
t o ry  i s  shown i n  Figure 24. 

5. Simple Diamond Error L i m i t  Cycle 

The phase plane t r a j ec to r i e s  f o r  t he  three axes are  shown i n  F i g  
ures 23, 26, and 27. It should be noted t h a t  i n t e rp re t a t ion  of the  roll and yaw 
axes phase planes f o r  t h i s  system i s  quite d i f f i c u l t .  Since the  two axes a re  corn- 
bined i n  the switching logic,  there i s  no s ingle  angle a t  which the  engines w i l l  
be pulsed. Therefore, if no steady s t a t e  l i m i t  cycles exist, (and none w e r e  found 
with t h e  system parameters investigated) there  a re  an i n f i n i t e  number of possible 
phase plane t r a j ec to r i e s .  These plots  a re  shown here primarily t o  i l l u s t r a t e  t he  
general  trend of the  l i m i t  cycle precession. 

Three samples of t h i s  System 5 data  w e r e  analyzed t o  determine 
the  l i m i t  cycle charac te r i s t ics .  Figure 28  indicates  t h e  behavior i n  the  combined 
roll-yaw plane f o r  t he  conditions of zero fixed and random er rors  and with zem 
r a t e  dependent e r r o r  contribution. These charac te r i s t ics  were extracted from data  
taken a f t e r  78,158 sec. A s  seen i n  t h i s  p lo t ,  t he re  i s  no apparent steady s t a t e  
l i m i t  cycle but ra ther  a pulsating l i m i t  cycle which tends t o  dwell longer along 
the  roll axis  than along t h e  yaw axis.  Although a greater  run t i m e  i s  necessary 
t o  absolutely e s t ab l i sh  t h i s  trend, it seems reasonable t o  conclude t h a t  these 
conditions do ex i s t .  Another f ac to r  t ha t  lends credence t o  t h i s  conclusion i s  
t h a t  f o r  a fixed impulse, t he  roll ra tes  are  l a rge r  than the yaw r a t e s  which re- 
s u l t s  i n  l a rge r  roll angular excursions. 

Figures 29 and 30 are f o r  the  same system and conditicns td: wlth 
Figure 29 was drawn f r o m  data  take2 frm the  addi t ion of fixed and random errors .  

t he  beginning of t he  computer run ( i n i t i a l  t i m e - - t l  = 3143 sec)  and it i s  obvious 
from t h i s  p lo t  t h a t  a steady state condition has not been reached. There are 
double pulses being f i r e d  when the pitch and / o r  yaw r a t e s  a re  too high which i s  
an undesirable s i t ua t ion  from the  standpoint of f u e l  consumption. Figure 30 i s  
a t  the  end of t h e  run and a more consistent pat tern has been established. 
the  t r a j e c t o r y  is  s t i l l  not fixed or predictable i n  the  same manner as the  z e x  
e r r o r  case shown i n  Figure 28. 

However, 

From the standpoint of  f u e l  consumption, t h i s  system compares un- 
favorably with the damped techniques, but  i s  about one-half t h a t  determined for 
the  simple box l i m i t  cycle with errors.  
var iable  pulse width allows f o r  a much f i n e r  cont ro l  than a fixed pulse width 

These r e s u l t s  a re  reasonable, s ince a 
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cont ro l  system. Also, when the diamond e r ro r  matrix i s  compared t o  the  simple 
box e r ro r ,  it should be expected tha t  the diamond e r r o r  system would consume less 
f u e l  on t h e  bas i s  t h a t  only one engine, ra ther  than a couple, i s  being f i r e d  per 
a t t i t u d e  correction. 

The influence of t h e  r a t e  switching fac tor  (b)  on pulse frequency 
o r  propellant consumption is  shown i n  Figure 31. This p l o t  indicates  t h a t  t he  r a t e  
contr ibut ion is  valueless.  It is  concluded t h a t  t h e  r a t e  f ac to r  would be of value 
only i f  a var iable  pulse width i s  employed. 
t he  r a t e  fac tors  only tend t o  reduce the e f fec t ive  e r r o r  band which i n  a fixed 
pulse width case can only cause the  error  band t o  be crossed sooner. The equation 
given below i s  the  t i m e  t o  t raverse  from an i n i t i a l  value t o  the  f i rs t  quadrant 
e r r o r  l i m i t  (+Y +R) . 

It can be shown theore t ica l ly  t h a t  

J ' Y i  - @ R i - b y $ - b R 8 R  
At+Y, +R = [ l -  b + iR 

' Y  

It can be seen i n  t h i s  equation t h a t  if b o t 3  yaw and roll r a t e s  a re  posi t ive t h e  
time t o  in t e r sec t  t he  e r r o r  band is  lowered, resu l t ing  i n  more pulses. Figure 31 
a l s o  indicates  t h a t  t he  propellant consumption or  pulsing frequency i s  much more 
a funct ion of t h e  r a t e  switching factor  magnitude than it i s  of t he  r a t i o  of t h e  
r a t e  switching factors .  It should be noted t h a t  these conclusions a re  based on a 
f e w  s e l e c t  points f o r  the  purpose of projecting a general  trend. 

The only difference between Configurations 1 and 2 i s  t h a t  one 
engine i s  used t o  control  p i t ch  (one d i rec t ion)  i n  Configuration 1 whereas two 
engines a re  used i n  Configuration 2. The t i m e  t r a c e  of t he  propellant consumption 
r a t e  f o r  the  p t t ch  axis i s  shown i n  Figure 32 f o r  System 2 with Vehicle Parameter 
Se t  Number 1. Configuration 2 consumes approximtely twice as  much propellant as 
Configuration 1 on the  p i t ch  axis .  This, however, does not present t he  t o t a l  case 
due t o  t h e  e f f ec t s  of other  axes. The tabula t ion  shown below presents t he  mean 
propel lant  consumption r a t e  and pulsing frequency per engine f o r  each configurat icr  

Although individual engines or axes have s igni f icant  differences,  
t h e  t o t a l  system performance f o r  t h e  two configurations is seen t o  be qui te  s i m i -  
l a r .  
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Axis 

+R + Y 

-R -Y 

-R +Y 

+R -Y 

-P 

+P 

-P 

+P 

-P 

+P 

Totals : 

Engine 
No. 

53 

54 

63 

64 

45 

46 

35 

36 

55 

66 

Conf. 1 conf. 2 

1.149 

1.156 

1.149 

1.156 

0 577 

0.582 

0 577 

0.582 

-- 
-- 

6 929 

Conf. 1 

0.5414 

0.5422 

0.5413 

0.5423 

-- 
-- 
-- 
-- 

0.2070 

0.2067 

2.581 

Conf. 2 
~ 

0.4156 

0.4167 

0.4206 

0.4117 

0.2095 

0.2095 

0.2095 

0.2095 

-- 
-- 

2.5026 

Figures 33 and 34 present the  t o t a l  vehicle  propellant consump- 
t i o n  r a t e  and t o t a l  vehicle  pulsing frequency as  a function of vehicle angular 
accelerat ion.  This i s  presented f o r  Configuration 3 ("$ = dR = dy) which has 
coupled engines f o r  each ax is  and no dual usage of engines. Each of the  cont ro l  
systems possible  with t h i s  configuration is  presented. A s  expected, t h e  puls ing 
frequency is d i r e c t l y  proportional t o  t h e  mean propellant consumption rate f o r  
any given vehicle  configuration. 

Both the propellant consumption r a t e  and the pulsing frequency 
are  proport ional  t o  vehicle angular acceleration a s  expected and the  e f f ec t ive -  
ness of the  advanced l i m i t  cycle control  techniques increases as angular accel-  
e r a t ion  increases.  

I n  order t o  invest igate  the e f f e c t s  of vehicle configuration, 
the pos i t ive  yaw engines were investigated for a common yaw axis  accelerat ion of 
%= 0.00452 rad/sec2 f o r  Control System 2. The results a re  tabulated below. 
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1 

I Vehicle I %+Y I fT+Y I 
2 9985 1.0827 

2 

3 

2.298 0.8362 

0.001 0.164 

Figure 35 presents a mean propellant consumption r a t e  comparison 
between cont ro l  systems f o r  Vehicle Parameter Set  Number 1 and Configuration 1. 
The p i t ch  axis contribution i s  a l so  shown. The dominant f ac to r  i s  seen t o  be t h e  
e f f e c t  of t h e  yaw and r o l l  engines. A s  the  t o t a l  system performance improves, t he  
l e s s  important t h i s  becomes. This e f fec t  i s  minimized i n  the  advanced l i m i t  cycle 
cont ro l  techniques. Table I11 summarizes t h e  var ious  cont ro l  system comparisons. 
The simple box l i m i t  cycle was used as t h e  base point. Although previous r e s u l t s  
have shown t h a t  these comparisons a re  functions of various system parameters (ve- 
h i c l e  angular acceleration, angular r a t e  sensor errors ,  e tc . )  a general trend can 
be formulated. 
ploying the  diamond e r r o r  simple l i m i t  cycle. 
niques (ac t ive  damping employed) reduce t h i s  value t o  3 6 ,  16$, and 14$ for  Con- 
t r o l  Systems 3, 2, and 4, respectively.  
f o r  any given condition and should therefore be used only as gross  average vahies. 

Approximately 7 only 5@ of t h e  propellant would be used by em- 
The advanced l i m i t  cycle tech- 

These numbers could vary s ign i f i can t ly  

When comparing t h e  control systems the re  a re  fac tors  t o  be con- 
s i d e r e d  other  than system w e i g h t  and engine duty cycle. 
required, t he  amount of computing equipment required, and t h e  r e l i a b i l i t y  of t h e  
system o r  system complexity a re  a f e w  of these.  Table IV presents a r a t ing  sys- 
t e m  with appropriate weighting factors  and general comparison of the  cont ro l  tech- 
niques on a t o t a l  system bas is .  

The qual i ty  of sensors 



awmuKw UNCLPSSIFIED V A N  NUYS, CALIFORNIA R E K H T  6077 
X i 6 f i i U m i t  

V I I I .  CONCLUSIONS 

Although various s ignif icant  results have been presented and 
general  trends have been established, the  main conclusion t o  be drawn from 
t h i s  study i s  t h a t  quant i ta t ive support f o r  previous qua l i ta t ive  thinking 
has been presented i n  regard t o  the advantages of employing advanced l i m i t  
cycle techniques. 
only 15% of the propel lant  previously used on a gross average basis  ( i n  
some cases investigated, only 2% w a s  used). 
engine duty cycle i s  a l s o  real ized.  
equipment and without unduly complicating the con-trol system. 
and development of these control  systems i s  e s sen t i a l  and should be of 
paramount importance. 

The advanced l i m i t  cycle techniques are capable of using 

A proportional reduction of 
These savings are real ized with present 

Further study 

The damped l i m i t  cycle control techniques presented herein were 
selected because of t h e i r  a b i l i t y  t o  reduce the vehicle angular ve loc i ty  t o  
zero under ideal conditions. The ana ly t ica l  model used t o  describe the  
"advanced l i m i t  cycle techniques" allowed funct ional  re la t ionships  between the 
mean propellant consumption rate, system parameters, and system er rors  t o  be 
establ ished.  
simple box l i m i t  cycle technique. System performance degradation f o r  the 
damped control  methods were found t o  be only a function of the system er rors .  
Since system performance degradation w a s  only a function of the system er rors ,  
a more complete understanding of the  nature of these e r rors  w a s  obtained by 
performing a s t a t i s t i c a l  survey of available t es t  data. 

The method of treatment a l s o  allowed a comparison with the 

Evaluation of the "advanced l i m i t  cycle techniques" using ac tua l  
rocket test data has shown t h a t  they are better than the simple l i m i t  cycle 
techniques on a propellant and engine duty cycle basis. Using present hard- 
ware and minimum impulse b i t s ,  these cont ro l  methods conserved propellant 
for a l l  cases. As system hardware i s  improved, the damped l i m i t  cycle tech- 
niques w i l l  show grea te r  performance advantages. 
provide the addi t ional  capabi l i ty  of using only one control  mode f o r  some 
e n t i r e  missions. This provides control c i r c u i t  simplicity,  reduces system 
weight, and increases the r e l i a b i l i t y  of the control  system. Some of the 
control  methods a l so  do not require d i r e c t  ve loc i ty  information. 

The damped cont ro l  techr,iques 

The results of t h i s  evaluation were of a preliminary nature due 
t o  the  neglect of higher order terms, incomplete e r ro r  and e r r o r  d i s t r ibu t ion  
data, l imited computer runs and runt ime,  and the assumption of no ex terna l  
disturbance torques. The number of variables involved allowed only a 
preliminary parametric evaluation. 
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a. RECOMMENDATIONS 

The present program developed the  too ls  f o r  obtaining a t t i t u d e  
control  system performance. The study established major areas of i n t e r e s t  
and investigated such areas as desired parameter var ia t ions,  importance of 
various parameters, and input-output formats. Shortcuts were taken i n  the 
computer program i n  order t o  a l l o w  a number of gross effects t o  be evaluated 
under the present program. 

What is  now required i s  another degree of sophis t icat ion added 
t o  the  present program i n  order t o  allow evaluation of de ta i l  (2nd order 
e f f ec t s )  system performance. 
e f f i c i e n t l y  optimizing and designing various control  techniques. 

This program can then be used as a t o o l  f o r  

In  order t o  substant ia te  the conclusions, addi t iona l  conditions 
should be investigated w i t h  individual as w e l l  as compounded axis o r  engine 
information. Since mission operating time was  an important f ac to r  i n  each 
system and configuration, the individual systems should be further studied 
t o  see how various mission times influence the conclusions. This would a l s o  
include a greater e r r o r  dispersion s o  t ha t  the time required t o  reach the 
average values can be determined. 
study t o  cover the addi t ional  vehicle configurations and s i zes  necessary f o r  
a complete evaluation. 

It would a l so  be necessary t o  extend the 

Specifically,  the following information should be obtained or 
integrated in to  th i s  program: 

1. S t a t i s t i c a l  quant i t ies  should be obtained from the computer 
program, espec ia l ly  f o r  propellant consumption and engine duty cycle. Although 
the mean values are important i n  a gross comparative study, the vehicle 
designers w i l l  want t o  know the worst case, the most probable case, e t c .  
as a function of omission time in  order t o  allow freedom i n  the se lec t ion  of 
the design values. I n  some cases, mission times are too shor t  t o  reach mean 
values. 

2. Longer mission times w i l l  have t o  be run i n  order t o  further 
subs tan t ia te  the results, especial ly  i n  the case of the simple l i m i t  cycle 
methods . 

3. A moment arm cal lout  per engine rather than on a per axis 
basis i s  required. This would allow o f f s e t  engine configurations t o  be 
investigated . 

4. The exact e r rors  after the e l e c t r i c a l  s igna l  is commanded 

Also, the j e t  cutoff threshold f o r  System 4 should be fur ther  evaluated. 
off should be used i n  System 4 along w i t h  more exact  rate sensor e r r o r  treat- 
ment. 

5. Rate switching should be fur ther  investigated f o r  a l l  control  
sys tems . 
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6 .  A more ref ined treatment of a l l  sensor and timing e r ro r s  
should be sought. 

7. System 5 should be investigated f o r  the case of yaw roll 
plus p i t ch  roll engine coupling plus variable pulse widths. 

8. The c r i t i c a l  parameters af fec t ing  engine operating e f f ic ienc ies  
should be i so la ted  and the i r  e f f e c t s  on system performance should be determined. 

9. More accurate thrust vector and hardware in s t a l l a t ion  a n g d a r  
e r ro r s  should be used. 

10. The control  philosophies should be investigated f o r  areas of 
possible modification which might improve the overa l l  sys t e m  performance and 
ef f ic iency  i n  the presence of component e r rors  or disturbance torques (i .e. ,  
using past h is tory  of previous pulses t o  update control  logic ,  e t c  . ) 

11. Such areas as two- o r  three-axis simultaneous engine f i r i n g s  
and the ef fec t  of more than one pulse f i r i n g  should be investigated and the 
s t a t i s t i c a l  frequency of these plus other special events (corner conditions) 
should be sought. 

12. The effects of vehicle mass changes (main propulsion, etc.)  
on system performance should be evaluated. 
be the automatic compensation f o r  variable mass. 

One area t o  invest igate  would 

13. The system performance should be evaluated f o r  the  case 
when the present systems are used w i t h  f i n e  control  modes (passive techniques, 
momentum wheels, e t c  . ) 

Failure  t o  consider even extremely low outside disturbing 
torques produces severe l imi ta t ions  upon the in te rpre ta t ion  of the results. 
It is suspected t h a t  propellant consumption rates are s t rongly in fhenced  
by the presence of t h i s  condition. 
should be devoted t o  the determination of the quant i ta t ive e f f ec t s  of 
dis turbing torque on system performance and efficiency. The disturbance 
torques vary i n  magnitude and are of a steady, cyclic,  o r  random nature. 
In  a general  l i m i t  cycle control  system analysis,  the  disturbance torques 
are not  treated rigorously since the l i m i t  cycle rate i s  usually orders of 
magnitude grea te r  than the disturbances. Most of the disturbances tend t o  
be automatically compensating without regard t o  or igin.  However, when the 
cont ro l  system i s  closed loop or contains damping, the disturbance torques 
ac t ing  a t  each point i n  t h e  o r b i t  become important i n  determining the 
effect iveness  of the control  method and cannot be disregarded. 
ship between the  mean angular rate for each cont ro l  system and the mean 

Therefore, one major area of study 

The re la t ion-  
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disturbance torque r a t e  should be evaluated. It is  recommended t h a t  random 
as w e l l  as predictable bias torques be taken under consideration. 

Since the degradation of system operating e f f ic iency  i s  a 
consequence only of system errors, a be t t e r  knowledge of the e r r o r  d i s t r ibu-  
t i o n  should be secured. It is a l s o  recommended t h a t  the complete a t t i t u d e  
equations of motion be used t o  obtain a more ref ined performance analysis .  

Simulations which combine the computer with hardware elements 
are recommended. A number of simulations are possible under t h i s  general  
i t e m .  The simulation of vehicle motion can be d i r e c t l y  handled on e i t h e r  
analog or d i g i t a l  computers. 
cont ro l le r ,  and moment producers a re  the  least accurate and most c r i t i c a l  
p a r t  of t h i s  problem t o  simulate. The actual hardware elements should 
become an in t eg ra l  part of computer simulations. 
cont ro l le r  design could then be obtained. 

However, the nonlinear nature of the sensors, 

O p t i m u m  three-axis 

The present investigations brought out some in te res t ing  facts 
and show a very de f in i t e  need f o r  a more ref ined study which would provide 
more support f o r  the  trends which were established. 
e s t ab l i sh  the performance tradeoffs,  the computer program should be employed 
with minor modifications. This study wmld result i n  deficite amwers t o  
the  question of what the optimum design parameters are of more sophis t icated 
mass expulsim a t t i t u d e  control  tec’nniques. This program could be handled 
on a parametric basis with the goal o f  presenting resuits which would allow 
the se lec t ion  of an optimal control  technPqrce f o r  whatever spec i f ic  cor,ditions 
(vehicle and mission) desired. 

I n  order t o  rigorously 

An a c t a a l  space f l i g h t  demmstz-ation 3f these control  techniques 
would a l s o  be desirable. If t h i s  f l i g h t  experiment supports p r a ~ i o u s  results, 
a de f in i t e  advancement of the state of +,he a r t  w i L l  be real ized.  

This study has provided t o c l s  which w i l l  allow the varims 
control  techniques f o r  operational and planted vehicles t o  be evalxated 
and compared on a r e a l i s t i c  basis. This program could save conside-able 
t i m e  and cos t  i n  the design and pos t f l igh t  modification phases of space- 
c r a f t  deveiopment prsgrams. 
phases such as rendezvous and docking, re-entry, and midcourse correction. 

This program is a l s o  adaptable t o  other maneuver 

UNCLASSIFIED - 54 - 



UNCLASSIFIED IOaarmmDv 
VAN NUYS. CAllfORNlA REPORT 6077 

X. 

1. 

2 .  

3. 

4. 

REFIIRENCES 

The Marquardt Corporation P.D. Study No. 586, "Advanced L i m i t  Cycle 
Analysis", R. W. Adlhoch, 15 February 1963. UNCLASSIFIED 

Englehart, W. C., "Synthesis of a M p e d  L i m i t  Cycle Reaction Jet 
Atti tude Control System", Master of Science Thesis -- U r n ,  June 1963. 

NASA Marshall Space F l ight  Center Report MTP-ASTR-N-62-14, "A New 
Concept t o  Minimize On-Off J e t  Fuel Consumption Used f o r  Space Vehicle 
Atti tude Control", Hans F. Kennel and David N. Schultz, 19 December 1962, 
UNCLASSIFIED. 

Reeves, D. F., W. P. Boardman, and H. A. Baumann, "Pulsed Rocket Control 
Techniques", The Ikrquardt Corporation, ARS Paper 2704-62, presented at 
the  17th Annual &eting and Space F l igh t  Exposition, Los Angeles, C a l i f -  
ornia,  13-18 November 1962. UNCLASSLFIED. 

UNCLASS W E D  - 55 - 



I 
0 n 
5 z 
C 
3 a 

0 
c 

? 0 I \D 
0 

' p ?  
c 

0 0  
c -  

c x x  I X  s ;I 
I O  x -  a 0 5 ' 9  0 m -  

7 9 ,  y c -  0. 0- N - 
- y c N O Z \ O  O h -  
. .  

n 
0 

m a -  

o m  N 0 

\o 
0 

x \ o  
Y 

- 
?; ? ? 

3 
0 
c x x  x X I  

\o 

0 
c 

a 
0 
c 

Y f ' f  
0 

x x  
- z  \D 

cI 
0 

0 
Y 

7 

x \ o  m a -  

o m  N 0 
? i  ? ? 

I 

a 
0 
c 

x -  a ?c. ? 
- - h  tu 

\o 

00 

m a 0  

o m  N 0 

0 - 
x \ o  !? 
?; ? 9 

a z 
x -  
? 7  
- y c  

a 
N 
? 

' p ' p  
0 0  

n 
m 

W 
\D 

z 
h 

t o  

n m x  
W 

- 0  
; r N  

UY 
tu 

0 
c 

x \ D  m m a 0  

o m  N 0 
? <  9 ? 

\o 

2 \o 

?; ? ? 

h x \ o  m m a  0 

o m  N 0 

Y 

y. 
ON @ z  

U r n  .. ul e al 
VI urn r u l v  

*- c c - e  
x alx 0 a m  

c $I- g . .  E2 
0 r r -  t u r n  

al 
CI 
m I 

L 
cp 
3 
m 
C 
m 
- v  
m a l  .- VI 
r \  .- m 
c e  
- 3  

a 

- 

n 
I .  
c o  
8: 

U 
.V 

V 
e 
VI 

al 
E .- 
U 

C 
3 L - 
m r 
0 
I- 

.# 

W 
r 
2 
L 
9 

m 
C 
0 

- v  
m e  .- VI 
r \  
*- m 
c e  
- T I  

a 

c 

a 



L 
0)  n 
E 
1 z 
C 
1 
LL 

" "  " I O  0 -  P I  " 'f 
c 0 c 0 0 
0 1  

X 

3 
0 
c 

- 
X 

h " 

X 
N 

0 -  
- 0  

X 

9 2  N 
h 

m 

c 

X 

3 
0 - 

- 
X "  

In 
I n .  
- 3  o m  

3 
9 
m 

c 

0 

0 
3 

" 
0 

P ' f  - 0 0  
c c  

X 

9 
s 

X 
h " 
N 

X 

-2 
h - 

'f 
0 

X 

c 

? 
\D 

\D 
0 

X 

c 

3 
c 

0 

N 
? 

'p 
0 

X 

c 

3 
h 

" 
0 

us 
0 

Y Y  
5 5  c 

\D 

0 

X 

c 

? 
0 
c 

P 
0 

X 

- 
? 
\D 

a "  
I O  
0 -  

X 
X 

c 

M 2 s  
- 0  

a 
u! 
N 

\D 

0 

X 

c 

9 
h 

" 
0 

" 
0 

P P  
c 

0 0  
c c  

'f " 
0 1  
c 0 

X 

? 
0 
c 

c 

X 

? " 
I t  
I 1  

I 

I "0 

" "  
0 0  - -  

c 

" 
lo P 

0 - c 

I 1  I 1  
I t  I 1  

X 
0 

X 
- 

h . -  
0 - "  

" 
0 

P ' p  
0 0  
c c  

" 
I 
0 

X 

c 

9 
0 
c 

P 
0 

X 

c 

? " 
I 1  
I 1  

I 
I 

I 

" 
0 

" "  
0 0  
c c  

- 
h 

I .  c o  o m  
U T  

r 
.V 

a 
2 s  
a t  
-0 
Q C  
- 0  
0.- u .- c, 0)  
-0 a m  
2 5k 
n m x  

U 

v) 

.- 
r 
C 

2 
c 

Q 
c, 
0 
I- 

c, 
0 
m 

9) 
44 

v 

2 

2k 
0 

' m  
a m  

n n y  

m 
c, 
L 
W 
C 

.- 

.- 
rCN 
0 0  

al 
c , m  

E 
L1Y 

S r  
o m  

m 
C 
al 
\ c, .- 
n 
al 
m u  
- a l  
1 m  
a\ 
- 3  
~m 

m 4.8 

F 
L 
m 
1 
m 
C 
m 
- u  
m a l  .- m 
c,\ 
*- m 
ca l  -u 

c 

C 
0 

*- u 
ual 
Q U I  
E \  
1 m  
m Y  
C 
0 -  
U h  

' 0  
0 . 9 )  2s 
a- 
' @  

mc, 
> m  a L  

h 

: d  
82 

r 
.V - 
Iz 

a m  L 
23 

UNCLASS I FI  ED - 57 - 



VAN NUYS, CALIFORNIA R H O I T  6077 UNCLASSIFIED 



UMCLASSI FIE 

UNCLPSS 

I 2 

Y 
V 
H 

- 
'FIE[ 

n 
N 
II E 

v 
H 

n 
x E 

n 
0 
a, E-l rn 
ho 
4: 

H 

W 

n 

n 

0 
cu 

a) - 
rn 

E 
ffi 
5 

n 
cu 

0 
a, 
rn .d" -2 
R 
n 
cu 
0 - 
a, 
rn .d" -2 a 
k 

W 

cu 
V 
a, m 

Xp1 2 
k 

W 

c 

V A N  NUVS, CALlfOlNIA 

cu 0 0 0 0 0  

n 
rl 

0 
0 
In 

3 n rl' 

f 
c u o  

c u c u  
L n l n  
f f C U c u O 0  
O O f f O O c u O O  
0 0 0 0 0 0 0 0 0  

% %  

0 0 0 0 0 0 0 0 0  

3 3  3 c o c o  c u o  c u c u i n I n f f c u  0 0 0 0 0 0 0 8 8  ~ - 

0 0 0 0 0 0 0 0 0  

u c u  r l c u  c u l n  f a 3  f 
c u ; s r l c u o o  c u o  0 0 c u 3 0 0 c u 0 0  q o o o o o o o o  . . 
0 0 0 0 0 0 0 0 0  

- 59 - 



UNCLASSIFIED 
1mspaRvnrv 

V A N  NUYS, CALIFORNIA REPORT 6077 

;ystem 

i max 

L 
a w  

L 

c (BSE = 0.002: 

deg/sec: 

c no sensor 
errors 

TABLE I11 

COMPARISON OF CONTROL SYSTEMS 

Preliminary 

6.25 

3 625 

1.0 

-- 

0 9 435 

0.215 

0.164 

0.10 

s u i t s  
conf, 2 

4.95 

3.25 

1.0 

-- 
0.362 

0.225 

0.115 

0.10 

a / w  
P P  

conf. 1 

1.0 

0 495 

0.104 

0 - 033 

0.039 

-- 

System 1 Final System,Runs 

-- 

-- 

1.0 

-- 

0.78 

0.39 

0.22 

-- 

a(= 0.01 

-- 

1.0 

-- 
0.092 

0. c38 

0.021 

;= 0.02 

1.0 

-- 

0.104 

0.036 

0.026 
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TABLE IV 

TOTAL CONTROL SYSTEM COMPARISON 

Control 
Tkchnique 

1. Simple Box 
L i m i t  Cycle 

2. ALC-Velocity 
Information 

3. ALC-Velocity 
Calculations 

4. ALC-Rate Cutoff 

5 .  Simple Diamond 
E r r o r  L i m i t  Cyclt 

Sensor 
Diff icul ty  

10 

r 

6077 - 
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Maquadf 

1 

Rating : 

ALC = Advanced L i m i t  Cycle 

10 = Best 
1 = Worst 

Computer 
Difficulty 

10 

5 

5 

5 

8 

Actuator 
Duty Cycle 
No. of 
Pulses x 2 

2.8 

17- 5 

9.3 

20.0 

5 *6 

To t a l  
Propellant 
Consumption 

4.2 

26.3 

14.0 

30.0 

8.4 

Total 

3.9 

7.8 

5.3 

8.1 

4.4 
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VEHICLE AND ENGINE CONFIGURAT 

I X 

ONS 

12-UNIT CONFlG URATI ON 

X 

Y 

53 8-UNIT CONFIGURATION NO. 2 

NOTES: 
1 .  THE F I R S T  NUMERAL ON ENGINE CALLOUT REPRESENTS THE A X I S  WHICH THE ENGINE 

STEMS FROM WHILE THE SECOND NUYERAL REPRESENTS THE DIRECTION THE ENGINE 
I S  POINTING. 

2 .  RIGHT-HAND RULE APPLIES FOR ROTATION. 

350-1 UNCLASS I F1 ED - 62 - FIGURE 1 



SIMPLE BOX LIMIT CYCLE OPERATION 
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SIMPLE BOX L I M I T  CYCLE PHASE PLANE 

ANGULAR RATE 
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ERROR BANDS FOR 8-UNIT CONFIGURATION 

+ e  0 

MAX 'MAX 

PITCH AXIS 
ERROR BAND 

€ Y  
I 

36 E Nb6 N 

- Q P  

YAW - ROLL AXES 
ERROR BAND 

(PURE "COUPLE" FOR PITCH) 

b P  

YAW - ROLL AXES 
ERROR BAND 

PITCH - ROLL AXES 
ERROR BAND 

(BOTH YAW AND PITCH AXES 
COUPLED T O  ROLL AXIS) 

350-6 UNCLASS IF1 ED - 67 - F I G m  6 
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TOTAL IMPULSE ERRORS AS A FUNCTION OF PULSE WIDTH 
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MEAN VALUE OF SPECIFIC IMPULSE AS A FUNCTION OF PULSE WIDTH 
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GENERAL PROGRAM FLOW CHART FOR ADVANCED ATTITUDE CONTROL TECHNIQUES 

START 0 
t 

MORE DATA JOB TERMINATED 
TEST FOR JOB 

LINPUT 

SUBROUTINE 
OUTPUT 

CONSTANTS AND 
SET UP I N I T I A L  
CONDITIONS 

I I 
t 

PRINT VALUES 
OF PARAMETERS 

f \  

SUBROUTINE 
OUTPUT 

BASED ON CURRENT 
VALUES OF ALL 
PARAMETERS COMPUTE 

~ 

TIMES (T,, T2. T3) 
FOR ALL 3 AXES 

@ f \  

# 

B = 8 + 8 ( A T )  
FOR EACH AXIS. 
WERE A T  - 
TFlRE - (PREVIOUS 
TF IRE) 

EVALUATE: 
COWAND IHPULSE 
ON FIRING 

(2). CJP FOR EACH ENGINE 

EUPSEO r"7 CWPUTER 

\ 

SUBROUTINE 
OUTPUT 

/ 

5 
E n 
I- P 
8 

b 
1 

EVALUATE : 
( 1 ) .  8 - b  + A i  
(2). DELIVERED IMPULSE ' 

* ( A i )  J/r FOR RUN 
EACH AXIS NOT 

OVER 

350-1 2 UNCLASS I F l  ED - 70 - FIGURE 9 
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WEIGHTING FUNCTION FOR IMPULSE ERROR SOURCE 
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CONTROL SYSTEM COMPARATIVE TREND 
FINAL PULSE VALUES - (100 PULSES) 

N I MUM) = 2.04 kg/SEC 
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APPENDIX A 

SUMMARY OF NOMENCLATURE 

Symbol Description Units 

a 

b 

f 

F 

0 
I 

ISP 

I T  

k 

K 

N 

N 

P 
Li, 

t 

m 

Angular posi t ion amplification f ac to r  

Angular r a t e  amplification f ac to r  

Frequency 

Thrust 

Function of 

Commanded impulse b i t  ( J  Fdt) 

Specif ic  impulse of propellants 

Impulse b i t  

Moments of i n e r t i a  referred t o  vehicle  body 
axes, X, Y, and Z 

Weighting function f o r  impulse e r r o r  source 

Constant 

Engine number 

Number of sampling points or engine number 

Probabi l i ty  densi ty  func%ion 

Propellant consumption r a t e  

Torque or radius arm of rockets 

Random number normally d is t r ibu ted  between - 
and + 

Time 

Torque 

Period 

None 

No ne 

puls os  /hi 

Newtons 

None 

kg-sec 

,n,/sec: 

kg-sec 

2 kg -m- s ec 

None 

None 

None 

N m e  

Sone 

Bg-sec 

m 

None 

sec 

Newtcn-m 

sec 
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APPENDIX A (Continued ) 

Symbol Des c r i p t  i o  n Units 

Pulse width 

Propellant mass 

x, Y, = Moment arm6 along t h e  body axes 

A t  
wP 

Mean value 

Standard deviation 

Variance 

SUm 

Increment 

Ins t a l l a t ion  angular error  

Error 

Angular posi t ion 

Angular deadband l i m i t  

Angular r a t e  

Angular acceleration 

Vehicle a t t i t u d e  angles i n  yaw, pitc,,, ani 
ro 11, respect ively 

Much less than 

Time delay 

$ 

Superscripts 

( - 1  Operator denoting a0 
d t  

Operator denoting ELL 
d t  

millisecond s 

kg 

m 

None 

None 

None 

None 

None 

None 

None 

deg 

deg 

d e  g/sec 

deg/sec2 

deg 

None 

sec 
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APPENDIX A (Continued) 

Coordinate Select  ion Posi t ive Direction, R i g h t  
Hand Coordinate System 

Nose up 8 -- Pi t ch  -- YY Axis 

$ -- ROU -- xx Axis Clockwise from a f t  end 

-- Yaw -- ZZ Axis Nose r i g h t  

For numbering, l e t  t he  f i rs t  numeral equal 

1 -- Posi t ive  X axis  

2 -- Negative X 

3 -- Fosi t ive Y 

4 -- Negative Y 

5 -- Posi t ive Z 

6 -- Negative Z 
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